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ABSTRACT 

The purpose of t h i s  l.eseai-.cii was to &-;ela-, 5 ~ t z b l e  t h i ~  f i l m  r e s i s t o r  

ma te r i a l  of high r e s i s t i v i t y  and low TCR, reproducibly depositable by vacuum 

evaporation methods. Films of t he  classes  metal, metal-metal oxide, metal- 

s i l i c o n  monoxide, metal n i t r i d e s ,  s i l i c i d e s ,  and borides have been prepared and 
zxmined f a r  e l e c t r i c a l  a.nd s t r u c t u r a l  propert ies  . 
Gd, T i ,  Tm, V, and Zr; A1 + SiO, C r  + S i O ,  Cu + SiO, and Mn + SiO;  T a  0 T i O ,  

Ti02, V205, and Zr02; NbN and TiN;  CrSi2 and T iS i2 ;  B4Si, NbB2, Ni2B, and TiB2; 

and mixtures of CrS i  with T i S i  and with B4Si .  Some 758 films of t he  various 

mater ia l s  were eximined with r e s i s t i v i t i e s  and TCR values respec t ive ly  i n  the  

range 100 t o  10 microhm-cm and 2200 x 
TCR versus r e s i s t i v i t y  f o r  the respective mater ia ls  general ly  gave a s t r a i g h t  

l i ne  of s teep  slope through the region near zero TCR; and f o r  most mater ia ls  

e i t h e r  r e s i s t i v i t y  or TCR values could be approximated from a known value of the  

o ther .  

examined from the  standpoint of high r e s i s t i v i t y  (10,000 microhm-cm), low TCR 

(t 200 ppm/OC), and s t a b i l i t y  at 125°C (aging < 1% i n  1000 h r s ) .  

zirconium oxide yielded about 2500 microhm-em with low TCR but poorer aging 

q u a l i t i e s .  CrSi2 and (CrSi2 + T i S i  ) yielded r e s i s t i v i t i e s  of about 1600 and 

3600 microhm-cm, respect ively,  with low TCR (-440 ppm/"C) and good s t a b i l i t y .  

Materials included have been 

2 5' 

2 2 

7 t o  -6000 x 10-6/oC. P lo t s  of 

Chromium + s i l i c o n  monoxide proved t o  be the  most des i rab le  ma te r i a l  

Zirconium- 

2 

The p r inc ipa l  f a u l t  with C r  + Si0 i s  the  d i f f i c u l t y  i n  con t ro l  of i t s  

co-evaporation with s ing le  or dual source arrangements. The g rea t e s t  repro- 

d u c i b i l i t y  was obtained with a dual  source arrangement by manually cont ro l l ing  

the  current  of each source.  Sa t i s fac tory  reproducib i l i ty  can be expected with 

instrumented servo cont ro l  of source temperatures and vapor outputs .  With the 

dual  source, a diaphragm was used t o  an advantage on one of the  sources t o  

decrease the dispers ion of f i l m  r e s i s t i v i t y  t o  k 10% over a 2" x 2 "  subs t ra te  

a rea .  Uniformity of subs t ra te  heating appeared as an addi t iona l  var iab le  a f fec t -  

ing uniformity of film r e s i s t i v i t y  over large g lass  surfaces  and suggests t h a t  

su i t ab le  subs t ra tes  of high heat conductivity m a y  be used t o  an advanta.ge t o  

decrease va r i a t ion  i n  r e s i s t i v i t y .  The importance of the CrSi2 i s  t h a t  it 

exh ib i t s  excel lent  s t a b i l i t y  and citn be evaporated from a s ingle  source t o  

produce f i lms of grea te r  r e s i s t i v i t y  than some cur ren t ly  used m e t a l  f i lms .  The 

r e s i s t i v i t y  of the zirconium-zirconium oxide combination and the  s t a b i l i z i n g  

influence of S i 0  suggests t h a t  Z r  + Si0 would be a f r u i t f u l  ma te r i a l  t o  examine. 

i x  



I. INTRODUCTION 

The purpose of t h e  research under Contract No. ~ ~ s 8 - 2 0 0 7 2  w a s  t o  

develop a r e s i s t o r  mater ia l  of high res i s tance  per  square, low temperature 

c o e f f i c i e n t  of r e s i s t ance ,  and high s t a b i l i t y  with respect t o  time and tem- 

pe ra tu re  - 
by vacuum evaporation methods. 

The des i red  ma te r i a l  would be e a s i l y  and reproducibly deposited 

The use  of t h i n  films for forming passive elements i n  hybrid micro- 

e l e c t r o n i c  c i r c u i t s  has l ead  t o  high r e l i a b i l i t y  and g rea t e r  f l e x i b i l i t y  i n  

c i r c u i t  design. Thin film r e s i s t i v e  elements, f o r  ins tance ,  provide a range 

of r e s i s t o r  values which exceeds t h a t  which can be achieved r ead i ly  by dop- 

ing of t h e  semiconductor ma te r i a l  used i n  in t eg ra t ed  c i r c u i t r y .  

t h e  inter-element capacitance can be l e s s  i n  deposited c i r c u i t r y  than  t h a t  

i n  i n t e g r a t e d  c i r c u i t r y  where reverse-biased junctions provide t h e  i s o l a t i o n  
between elements. 

I n  addi t ion ,  

I n  t h e  appl ica t ion  of  t h i n  fi lm r e s i s t i v e  mater ia l s ,  one i s  most o f t en  

confronted with problems i n  f ab r i ca t ion  methods and i n  t h e  r ep roduc ib i l i t y  of 

these  methods. Much of t h e  d i f f i c u l t y  can be a t t r i b u t e d  t o  minute d e t a i l s  i n  

t h e  techniques which a re  not u sua l ly  given proper a t t en t ion .  A r a the r  com- 

p l e t e  desc r ip t ion  of t h e  f ab r i ca t ion  methods and procedures used during t h e  

cont rac t  i s  included as a major sec t ion  of t h i s  r epor t .  

The exploration of mater ia l s  for t h i n  f i lm r e s i s t i v e  elements neces- 

s a r i l y  involved t h e  examination of many metals, metal  oxides and cermets. 

The s e l e c t i o n  of t h e  deposit ion parameters f o r  each ma te r i a l  and t h e  evalua- 

t i o n  of t h e  r e s u l t a n t  films cons t i tu ted  t h e  major p a r t  of t h e  cont rac t  e f f o r t .  

During t h e  f irst  th ree  months of t he  cont rac t  a l a rge  number of films 

of t i t an ium and zirconium deposited a t  various pressures  of r e s idua l  oxygen 

and at various evaporation r a t e s  were examined. 

t i o n s  which were conducted concurrently with t h e  development of f ab r i ca t ion  

techniques ind ica ted  t h e  f e a s i b i l i t y  of obtaining high r e s i s t ance  per  square 

and l o w  temperature coe f f i c i en t  of res i s tance .  

i n  oxygen a t  a pressure of 
duced a value of 1655 ohms/square. 

gas pressure  of 2 x 10 Torr gave a high R/sq. o f  935 ohm per square 3 r d  3 

change i n  r e s i s t ance  of < 1% a f t e r  heating t o  l 2 5 O C  i n  a i r  f o r  about 30 min- 

u t e s .  

oxide f i lm  having a TCR < 100 ppm/ " C  . 

These preliminaxy investi{ra- 

The evaporation of t i t a n i u n  

t o r r  and a t  a r a t e  of 2 angstroms per second nro- 

Zirconium films deposited i n  a r e c i i u d  
-6 

A r e s i s t i v i t y  of 2400 microhm-em was obtained f o r  a zirconium - Lirconium 

1 



I n  the  next quarter  t h e  proper t ies  of f i lms  formed by t h e  CO- 

deposi t ion of chromium and s i l i c o n  monoxide from a common source were examined 

along with s tudies  on vanadium and zirconium. The chromium-silicon monoxide 

system appeared t o  be qui te  promising as  a high res is t ivi ty  ma te r i a l  of low 

TCR and high s t a b i l i t y  so t h a t  more emphasis was placed on t h i s  combination 

than  on some of t h e  other  mater ia ls .  R e s i s t i v i t i e s  of t h e  Cr + S i 0  fi lms 

ranged from 1000 t o  10,000 microhm-cm with TCR values of f 1 x 10-4pC. It 

w a s  d i f f i c u l t  t o  cont ro l  t h e  evaporation of t h e  two mater ia l s  from t h e  common 

source used because of  t h e i r  d i f f e r i n g  vapor pressures .  One neighboring ele- 

ment i n  t h e  per iodic  t a b l e  t o  chromium, t h a t  i s ,  manganese, w a s  se lec ted  f o r  

a study of i t s  eo-deposition with s i l i c o n  monoxide from a common source because 

it appeared the r e su l t an t  films might have s i m i l a r  propert ies  t o  t he  

Cr + Si0  mixtures; and, s ince t h e  vapor pressures  of Mn and Si0 are reported 

t o  be approximately t h e  same, eas i e r  con t ro l  of t h e  process might be accom- 

plished. The l a t t e r  hy-potheses was not borne out i n  t h e  experiments due t o  

t h e  f a c t  t h a t  t h e  manganese vaporized at a much higher r a t e  than  d i d  t h e  S i O .  

E l e c t r i c a l  propert ies  of t h e  two species were s imi la r  but t h e  Cr + Si0  f i lms 

displayed higher r e s i s t i v i t y  a.t a given TCR va.lue and exhibi ted superior  

aging. Other mater ia ls  were eo-deposited with S i 0  and examined subsequently. 

During t h e  t h i r d  quarter  some f i lm specimens of titanium n i t r i d e  and 

niobium n i t r i d e  were examined. The t i t an ium n i t r i d e  films exhibi ted r e s i s t -  

i v i t i e s  too  l o w  t o  meet t he  desired spec i f ica t ions  and both mater ia l s  were 

d i f f i c u l t  t o  evaporate from ref rac tory  metal boats ;  t h e  niobium n i t r i d e  r e -  

quired t h e  use of e lec t ron  beam bombardment techniques. Other mater ia l s  

s tudied during t h i s  quarter  included Al + SiO, Cu + SiO,  Sn + SiO, and Mn + 
SiO. 

res i s tance  at 125' C f o r  unprotected and SiO-protected films. 

Aging s tudies  of t he  fi lms were begun t o  determine t h e  s t a b i l i t y  of t h e  

During t h e  next quarter  t h e  aging s tud ie s  were continued along with 

t h e  fabr ica t ion  of addi t iona l  Cr + Si0  and Mn + S i 0  films. 

aging of SiO-protected r e s i s t o r s  i s  far l e s s  than  t h a t  of unprotected r e s i s -  

t o r s .  

I n  general ,  t h e  

Post-deposition baking techniques were i n i t i a t e d .  

The f i n a l  periods were devoted t o  extensive aging s tudies  of t h e  most 

promising films, exploratory s tudies  on o ther  mater ia l s ,  notably borides and 

s i l i c i d e s ,  and t h e  examination of films by e l ec t ron  and x-ray d i f f r ac t ion ,  

e lec t ron  microscopy and other  ana ly t i ca l  techniques. 

The sections'which follow give a de t a i l ed  descr ip t ion  of t he  film 
' f ab r i ca t ion  and measurements procedures (Section 1 1 - A )  and t h e  r e s u l t s  
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obtained on the  various mater ia l s  s tudies  (Section 11-B) . Par t i cu la r  
eiii@iasis is placed 0:: t h e  ~ h r ~ ~ L i ~ m - s i l i ~ n n  monoxide films and t h e  boride and 

s i l i c i d e  films. Further discussion of these  r e s u l t s  i s  included i n  Section 

I11 and a summary of the  main r e s u l t s  and suggestions f o r  f'uture s tud ies  are  

included i n  Sect ion IV. The appendix cons is t s  of t a b l e s  which contain de- 

t a i l e d  d a t a  on most of the  f i lms studied and summary data  on c e r t a i n  para- 

meters. 
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11. EXPERIMENTAL WORK 

A,, F I M  FABRICATION AND MEASUREMENTS 

1. Vacuum Deposition Procedures and Apparatus 

Of t he  severa l  poss ib le  methods f o r  f ab r i ca t ing  t h i n  f i l m  r e s i s t o r s ,  

t h e  one used i n  t h i s  study w a s  deposi t ion by evaporation i n  high vacuum as 

spec i f ied  i n  t h e  contract .  

apparatus and t h e  procedures used i s  included i n  t h i s  sect ion.  Such d e t a i l  

i s  considered necessary s ince  d i f fe rences  i n  f ab r i ca t ion  methods not adequately 

described i n  the published l i t e r a t u r e  make it d i f f i c u l t  t o  compare or dupl ica te  

r e s u l t s  obtained i n  separate  l abora to r i e s  on similar type films. The o ther  

reason f o r  extensive d e t a i l  i s  t h a t  procedures a re  then wel l  documented f o r  

f'uture use.  

A de t a i l ed  desc r ip t ion  of t h e  var ious evaporation 

A t o t a l  of seven hundred f i f t y - e i g h t  film specimens were fabr ica ted  

f o r  t h e  various s tud ies .  An add i t iona l  representa t ive  number of comparative 

f i l m  specimens were prepared on e l ec t ron  microscope g r ids  f o r  a n a l y t i c a l  stud- 

i e s .  The films f a l l  i n t o  seven major c l a s ses  of  mater ia l s  as follows: pure 

metals,  metal-s i l icon monoxide cermets, metal-metal oxide as a r e s u l t  of  evap- 

ora t ing  pure metals i n  p a r t i a l  pressures  of oxygen, metal-metal oxides as a 

r e s u l t  of evaporating metal oxide compounds, metal-metal n i t r i d e s  from t h e  

evaporation o f  metal  n i t r i d e  compounds, s i l i c i d e s ,  and borides .  The metal- 

s i l i c o n  monoxide systems s tudies  were Al-SiO, C r - S i O ,  Cu-SiO, and Mn-SiO. 

The metals 133, T i ,  Tm, V, and Zr were prepared. Metal compounds evaporated 

i n  high vacuum included T a  0 T i O ,  T i 0 2 ,  V 0 Z r 0 2 ,  NbN, TiN,  CrSi2,  mix- 

t u r e s  of CrSi2 and T i S i 2 ,  mixtures of CrSi2  and B4Si,  B S i ,  NbB2, Ni2B,  and 

TiB2.  Film r e s i s t o r s  were prepared on th ree  d i f f e r e n t  subs t r a t e  mater ia l s ,  

Corning #7059 g las s ,  soft g las s  microscope s l i d e s ,  and f'used quartz.  

n i f i c a n t  f ab r i ca t ion  d e t a i l s  a r e  given i n  Table I f o r  most of t h e  films fab- 

r i c a t e d ,  and these  da ta  a re  summarized i n  Table V. 

2 5' 2 5' 
4 

Sig- 

The p r inc ipa l  apparatus employed i n  the  f ab r i ca t ion  of  these  speci-  

mens included subs t ra te  cleaning equipment, four high vacuum systems, two 

subs t r a t e  changers, and an e l ec t ron  beam evaporation system. Other s m a l l  

accessories  and instrumentation necessary f o r  es tab l i sh ing  processing para- 

meters and control  were u t i l i z e d .  

1.1 Vacuum Deposition Apparatus and Techniques. The bas ic  deposi- 

t i n 2  5 i ~ p E L r E i . h l S  CoiiSil;ied of four high vacuum systems, These were equipped 
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with v e r s a t i l e  chambers and base p la tes  and instrumentation fo r  t h e  measure- 

ment of various parameters during deposition. 

A, By C y  and D and a re  described subsequently. 

They were designated systems 

Vacuum System "A": System "A" w a s  constructed a t  Georgia Tech. 

Basic components a re  a forepump with a pumping speed of 5 cubic f e e t  per  

minute, an o i l  d i f f i s i o n  pump 4 inches i n  diameter, a l i q u i d  ni t rogen cold 

trap, appropriate valves,  gauges, and two a. c. power suppl ies  r a t ed  a t  2 

KVA each. Pressure measurements a re  made with a Veeco vacuum gauge, type 

RG-3A. An ion iza t ion  gauge tube,  Veeco type RG-75, i s  i n s t a l l e d  between t h e  

b e l l  jar and cold t r a p  f o r  pressure measurements below 1 x 10 Torr. Argon 

and o ther  gases a re  admitted t o  t h e  system through bleeder valves located i n  

t h e  exhaust pipe t o  t h e  base p l a t e  and chamber. 

-4 

For t h e  work under t h e  contract ,  a s t r a i g h t  sec t ion  of Pyres Brand 

"Double Tough" pipe s i x  inches i n  diameter and 1 2  inches i n  length was  used 

as  a chamber ( the  pipe i s  manufactured by Corning Glass Works). An o v e r a l l  

view of t h e  chamber arrangement i s  shown i n  Figure 1. 

were made from re f r ac to ry  fi laments,  boats,  o r  c ruc ib le  sources connected t o  

current  feedthroughs at t h e  base of the chamber. A top  cover p l a t e  was adap- 

t e d  with a subs t ra te  holder, heater ,  and shu t t e r ,  as  shown i n  Figure 2. The 

shu t t e r  mechanism permitted shielding of t h e  subs t ra te  during premelting and 

outgassing of t h e  evaporant. 

Upward evaporations 

The heater  enclosure w a s  constructed of s t a i n l e s s  s t e e l  shim stock and 

served as a r ad ia t ion  sh ie ld  f o r  a graphite c lo th  heat ing element. 

i t e  heat ing element was a 1-inch wide x 3-inch long piece of  graphi te  tape 

s t re tched  p a r a l l e l  t o  t h e  subs t ra te .  The subs t ra te  holder w a s  a t tached t o  

t h e  open s ide  of t he  heater  enclosure with screws and doubled as  a contact 

mask f o r  t h e  substrate .  

304. 

The graph- 

It w a s  machined from 1 2  gauge s t a i n l e s s  s t e e l ,  type 

The mask supported subs t ra tes  measured up t o  1 x 3 x 1/16 inches.  

The f ix tu re  was ca l ibra ted  for  subs t ra te  temperature versus heater  

current .  To accomplish t h i s ,  a platinum f i l m  res i s tance  thermometer on a 

1 x 3 inch microscope s l i d e  w a s  placed i n  t h e  subs t ra te  pos i t ion ,  and i t s  

temperature w a s  measured a t  t h e  end of  1/2 and 1 hour heating i n t e r v a l s  f o r  

a given hea ter  current.  The temperature within t h e  enclosure represented an 

average temperature f o r  t he  substrate  under these  conditions.  

The mask was machined t o  enable t h e  deposit ion of four p a r a l l e l  film 

r e s i s t o r s  across a 1 x 3 inch substrate .  Terminal areas  were enlarged so 

t h a t  t h e  shape of t he  deposit  pa t te rn  resembled t h a t  of a dumbell. I n i t i a l l y  
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t h e  subs t ra te  assembly w a s  f ixed t o  t h e  hea ter  so t h a t  t h e  subs t ra te  was 

a t  an angle of 45 degrees with t h e  hor izonta l  plane including t h e  source. 

Thus, each of t h e  four r e s i s t o r  deposi ts  were at a d i f f e r e n t  dis tance from 

t h e  source. To record t h i s  t h e  r e s i s t o r s  were labe led  A, B, C, and D i n  

going f romthe  subs t ra te  end c loses t  t o  t h e  source t o  t h e  end f a r t h e s t  from 

t h e  source. The median source-to-substrate-distance w a s  about f i v e  inches. 

During deposit ion,  t h e  A end was exposed t o  proport ionately g rea t e r  radia-  

t i o n  i n t e n s i t y  from t h e  evaporation source. 

t h e  ac tua l  temperature gradient  across t h e  subs t ra te  during deposit ion.  

Resis tors  of severa l  mater ia l s  were deposited with t h i s  arrangement. It 

w i l l  be noted t h a t  t h e  A sec t ion  i s  th i ckes t  w i t h  t h e  thickness  decreasing 

i n  t h e  order o f t h e  B, C, and D sect ions.  Usually, t h e  spec i f i c  r e s i s t i v i t y  

of  t he  films increased with t h e  order of t h e  sect ions.  

No attempt w a s  made t o  measure 

* 

The heater  and subs t ra te  assembly was then modified so t h a t  t h e  sub- 

s t r a t e  w a s  p a r a l l e l  with t h e  heating element and t h e  hor izonta l  plane of t h e  

source. The previous mask w a s  used i n  t h i s  arrangement, a lso.  I n  addi t ion,  

a second mask was machined f o r  deposi t ing a f i l m  r e s i s t o r  p a t t e r n  measuring 

1/2 x 1/2 inches on a pre-terminated 1 x 1 inch subs t ra te  centered over t h e  

evaporation source a t  a dis tance of about 5 inches. 
Vacuum System "B": Constructed at Georgia Tech, vacuum system 

"B" i s  similar t o  t h a t  of vacuum system "A" described above. The major d i f -  

ferences a r e  an o i l  d i f fus ion  pump of s i x  inches i n  diameter ins tead  of four 

inches and a water baf f le  ins tead  of a LN2 cold t r ap .  

were equipped similarly. 

Otherwise, t h e  systems 

The chamber and header assembly w a s  similar t o  t h a t  of system "A" as  

shown i n  Figure 2. 

s i t i o n  of three r e s i s t o r s  i n  a 1/2 x 1/2 inch a rea  on pre-terminated subs t ra tes .  

It could support e i t h e r  th ree  1 x 1 inch subs t r a t e s  or one 1 x 3 inch subs t ra te  

a t  a distance of about 5 inches above t h e  evaporation source. 

A subs t ra te  mask-holder w a s  machined t o  enable t h e  depo- 

A V-trough and s l i d e r  w a s  attached t o  t h e  header f o r  dropping powder 

mixtures onto a heated fi lament for f l a s h  evaporations. 

deposit  a few chromium-silicon monoxide r e s i s t o r s  by f l a s h  evaporation of t h e  

respect ive powder mixture of chromium and s i l i c o n  monoxide. 

T h i s  was used t o  

* 
including T i  + 02. 
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Vacuum System ' 'c'': This vacuum system i s  a standard Veeco model 

of tile IX-400 series. It c~_n_F:f..c: nf n forepump with a pumping speed of 5 
cubic f e e t  per  minute, an o i l  d i f f i s i o n  pump 4 inches i n  diameter, a water 

b a f f l e ,  a l i q u i d  ni t rogen cold t r a p ,  manually operated valves, thermocouple 

and ion iza t ion  gauges, a g lass  b e l l  jar 18 inches i n  diameter, and two a. c. 

p9wer suppl ies  r a t ed  at 2 KVA. A l l  pressure measurements were made with the  

standard ion iza t ion  gauge supplied w i t h  t h e  system. The gauge tube i s  loca- 

t e d  near t h e  cold t r a p  and i n  the  basic piping immediately between t h e  d i f -  

f'usion pump and base p l a t e .  

than  t h e  a c t u a l  b e l l  jar pressures.  

l e s s  than one order of magnitude during evaporations, especial ly ,  when a 
Meissner cold t r a p  in s ide  t h e  b e l l  jar was operated. 

Thus, the  pressures  recorded are  probably lower 

This difference,  however, was probably 

A s t a i n l e s s  s t e e l  c o l l a r  was added t o  t h e  system t o  provide f o r  ex t r a  

feedthroughs f o r  e l e c t r i c a l  apparatus and ro t a ry  shar t ing  t o  operate the  sub- 

s t r a t e  changer discussed subsecpently. 

s t ruc t ed  and loca ted  i n  t h e  b e l l  jar. 

inch diameter copper tubing, co i led  t o  form a he l ix  of s i x  tu rns  and approx- 

imately 6 inches i n  diameter and 6 inches i n  length.  

passed through t h e  tubing by "Monel" a l loy  feedthroughs mounted i n  t h e  s t a in -  

l e s s  s t e e l  co l l a r .  The Meissner t r a p  was operated immediately before and during.  

t h e  deposi t ion of t he  fi lms t o  give a lower pressure in s ide  t h e  b e l l  jar during 

t h e  c r i t i c a l  per iod of f i lm deposition. 

-Also, a Meissner cold t r a p  w a s  con- 

The t r a p  w a s  constructed of one-half 

Liquid ni t rogen was 

A subs t ra te  changer constructed a t  Georgia Tech w a s  i n s t a l l e d  on t h i s  

system and i s  i l l u s t r a t e d  i n  Figure 3. The changer i s  constructed of non- 

magnetic mater ia l s  f r e e  of low vapor pressure cons t i tuents ,  p a r t i c u l a r l y  

zinc. Major components a re  fabr icated of types 303 and 304 s t a i n l e s s  s t e e l .  

Bearings and t h r u s t  washers a re  fabr ica ted  of a zinc f r e e  bronze a l l o y  i m -  

pregnated with about 1.5 percent graphite.  Mica, boron n i t r i d e ,  and alumina 

a re  used f o r  e l e c t r i c a l  insu la tors .  Adequate pump-out fea tures  such as  

grooves o r  channels a re  machined on mating surfaces.  Screws a re  center  

d r i l l e d  fo r  screw holes t h a t  bottom-out. Where poss ib le  bottomless holes a re  

used f o r  screws. Top and bottom support p l a t e s  a re  secured t o  t h e  th ree  l egs  

by nuts and a r e  adjustable  i n  the  v e r t i c a l  d i rec t ion .  The subs t ra te  c a r r i e r  

p l a t e  i s  f ixed  t o  a bronze bearing f i t t e d  and supported i n  the  center  of t h e  

top  support p l a t e .  A p i t c h  chain sprocket i s  secured t o  the  top  of the  bear- 

i ng  fo r  r o t a t i o n  of t h e  subs t ra te  c a r r i e r  p l a t e  about a c e n t r a l l y  located 

axle.  The c e n t r a l  axle extends through t h e  bottom p l a t e  and is  supported by 

a p rec i s ion  c o l l a r  t h a t  r i des  on top of t he  bottom support p l a t e ;  t he  sub- 
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Figure  3. Subs t r a t e  Changer Used with Vacuum System C .  
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s t r a t e  c a r r i e r  bearing loca te s  t h e  axle c e n t r a l l y  a t  t h e  t o p  end. 

s h u t t e r  p l a t e  i s  f ixed  t o  a bronze bearing t h a t  r u i d x s  fi-eeljr &=ut t h e  

center  ax le  while a p i t c h  chain sprocket secured t o  t h e  bearing permits 

t u rn ing  of t h e  shu t t e r .  Miniature s t a i n l e s s  s t e e l  p i t c h  chains, un ive r sa l  

j o i n t s ,  gears,  and shaf t ing  a re  connected t o  r o t a r y  feedthroughs i n s t a l l e d  

i n  t h e  s t a i n l e s s  s t e e l  c o l l u  t o  independently r o t a t e  t h e  subs t ra te  c a r r i e r  

and s h u t t e r  p l a t e s  from outside t h e  b e l l  jar. Adjustable spring cams r i d e  

on t h e  perimeters of t h e  s h u t t e r  and subs t r a t e  c a r r i e r  p l a t e s .  The cams 

engage wi th  notches i n  t h e  respec t ive  p l a t e s  t o  obta in  independent r e g i s t r a -  

t i o n  of t h e  p l a t e s  with respect t o  each o ther  and t h e  various source com- 

partments. Independent subs t r a t e  holders a r e  pos i t ioned  i n  t h e  subs t ra te  

c a r r i e r  p l a t e .  Four pos i t i ons  w i l l  accommodate subs t r a t e s  with a maximum 

s i z e  of  2 1/2 x 3 1/8 inches. 

t o  t h e  subs t r a t e  c a r r i e r  p l a t e .  

The 

Holes i n  t h e  top  support p l a t e  permit access 

The subs t r a t e  holder served also as t h e  mask for these  s tud ies .  F m r  

p o r t s  or vapor windows are  loca ted  ninety degrees apar t  i n  t h e  bottom p l a t e .  

Evaporation fi laments or sources a r e  loca ted  below t h e  windows. The s t a i n -  

l e s s  s t e e l  forms secured t o  t h e  bottom s ide  of t h e  bottom p l a t e  a re  source 

enclosures which provide sh ie ld ing  of t h e  sources from each o ther .  A l so ,  t h f  

sh i e lds  prevent undesired vapor condensation on t h e  b e l l  jar and changer. 

Each source compartment has a quick-release f ron t  cover p l a t e  for ready sccecd 

t o  t h e  i n t e r i o r .  An adjus tab le  frame f o r  holding a 1 inch x 1 . 5  inch micro- 

scope s l i d e  i s  mounted on top of t he  bottom p l a t e  a t  each of t h e  vapor windolis 

t o  serve as a f ron t  surface mirror for viewing each source from t h e  extei.io,- 

of t h e  b e l l  jar  during evaporation. 

Radiant subs t r a t e  hea te r  assemblies and a r e s i s t ance  monitor a r e  the 

major accessories incorporated i n t o  t h e  changer. The hea te r s  r e s t  i n  any o f  

t h e  four  holes i n  t h e  top  p l a t e  d i r e c t l y  above a subs t r a t e  or subs t r a t e s  t o  

be coated and can be r ead i ly  t r ans fe r r ed  f romonepos i t ion  t o  another or r e -  

moved f o r  access t o  t h e  subs t ra te  c a r r i e r  p l a t e .  Figure 3 shows a hea te r  

i n s t a l l e d  i n  t h e  changer. Major coristruction d e t a i l s  a r e  i l l u s t r a t e d  i n  Fig- 
u r e  4. The graphite c l o t h  element provides heating over t h e  e n t i r e  subs t r a t e  

holder and i s  very e f f i c i e n t .  For example, t h e  c l o t h  bare ly  reaches t h e  colol- 

temperature range t o  obta in  subs t ra te  temperatures of 500°C. 

e s t ab l i sh ing  subs t r a t e  temperature i s  discussed subsequently). 

work, t h e  graphi te  c l o t h  was folded t o  form two c lose ly  spaced l aye r s  i n  :CY- 

i e s .  The l aye r s  were insu la ted  by a t h i n  sheet of mica. 

(The method o f  

For t h i s  

The hea ter  a l s o  
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Operates qu i t e  satisI 'actoYily h5th a single l aye r  of :.r?.phite c lo th ;  how- 

ever ,  a g r e a t e r  current  j .5 r::qired f o r  3 sir-!gZe .,.-,-;CY cl~:zzi ts r \ h t g i ~  R 

given subs t r a t e  temperature. 

Subs t ra te  temperature was indicated by n 22 gauge chrorriei-aloiiel 

thermocouple, TCh, posi t ioned between t h e  graphi te  c loth heat ing element of 

t h e  su'ustrate hezter a d  t he  substrat.e holder.  TC; w a s  cali .brated against  

a 40 gauge chromel-alwnel thermocouple, TCs, f ixed  t o  t?ie f ron t  surfa.ce of 

a subs t ra te .  A loop of nichrome wire was heated by r e s i s t ance  heat ing and 

was employed t o  embed t h e  thermocouple i n  t h e  subs t r a t e  surface.  Figure [I 

i l l u s t r a t e s  t h e  arrangement of t h e  thermocouples f o r  c a l i b r a t i o n  of  TCh. 

temperatures ind ica ted  by both thermocouples were measured versus  time f o r  

one hour and one-half hour heat ing periods and var ious va r i ac  s e t t i n g s  of the  

hea ter  power supply. Data obtained f o r  one hour heat ing per iods a re  p l o t t e d  

i n  Figure 5. The thermocouple f ixed  t o  t h e  subs t r a t e ,  TCs, ind ica ted  higher 

temperatures than  TCh for temperatures below 425°C: m d  louer  vzl.ues for t . em-  

pe ra tu re s  above 425°C. 

ranged from 5 amperes f o r  a subs t ra te  temperature of 200" C to 1 4 . 1  aqere:: 

for a subs t r a t e  temperature of 500°C. These d a t a  w r e  usec! t o  determine s u b -  

s t r a t e  temperatures from measurements with TC duining t h e  f ab r i ca t ion  of f i l i n  

r e s i s t o r s .  

I1 

The 

Heater currents  a t  t h e  end nf t h e  heating periodc 

h 

As  discussed subsequently, Cr-Si0 films depcsi ted on subs t ra tes  meas- 

u r ing  2 x 2 inches were non-uniform i n  r e s i s t i v i t y  over t h e  surface area.  

Much of  t h e  non-uniformity w a s  a t t r i bu ted  t o  non-uniform heat ing of t h e  sub- 

s t r a t e  with t h e  graphi te  heating element. The a rea  of t h e  graphi te  element 

was 2" x 2.5". 

The element sagged with extended use,  a l so .  More uniform heat ing o f  sub- 

s t r a t e s  can poss ik ly  be had by m a k i n g  t h e  a rea  of t h e  heat ing elezent  some- 

what l a r g e r  than  t h e  a rea  of t he  subs t ra te  and by preventing t h e  c lo th  from 

sagging. I n  t h i s  work, improved uniformity w a s  obtained by placing a Ketal 

block on t h e  subs t ra te .  The subs t ra te  was heated by t h e  block which was eqLal 

i n  area t o  t h e  subs t ra te  and w a s  heated by t h e  graphi te  heater .  

This i s  approximately equal t o  t h e  area c.f t h e  substrs-tes. 

Two s e t s  of subs t ra te  rnasks were used with t h e  chaiger.  These a re  

i l l u s t r a t e d  i n  Figure 6. 
p o s i t i n g  gold over chromium terminations and a ~~.s:sli for degosi t ion of t he  

r e s i s t i v e  f i l m .  

The masks a t  t h e  l e f t  s ides  of Figures 6a and 6'c are t he  terminat ton rnasls 

f o r  t h e  respec t ive  r e s i s t i v e  f i lm masks shown t o  t h e  r igh t .  The slotted 

Each s e t  of rnasks consis ted of 2 ?.ask f o r  orede- 

Both masks were machined from type 3O1t s t a i n l e s s  s t e e l .  
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( a )  MASKS FOR D E P O S I T I O N  OF RESISTORS 5 /8- INCHES LONG x I / 1 6 - I N C H E S  WIDE 

-- 

( b )  MASKS FOR DEPOSITION OF 6 RESISTORS ON A 2 x 2- INCHES SUBSTRATE 

Figure 6. Subs t ra te  Masks. 



holes at the top  and bottom ends of t h e  mask t o  t h e  r i g h t  i n  Figure 6a were 

used f o r  deposit ing t h e  r e s i s t i v e  f i lms.  Between t h e  terminals  each r e s i s t -  

or was 5/8 inch long and 1/16 inch wide. 

s l o t t e d  hole with t h e  dumbell shaped ends was monitored during deposit ion.  

The small round hole near t h e  center  of t h e  s l o t  w a s  f o r  holding an e l ec t ron  

microscope grid.  The mask t o  t h e  r i g h t  i n  Figure 6b was used t o  deposi t  s i x  

r e s i s t o r s  i n  a s ing le  evaporation on a 2 x 2 inch subs t ra te .  

The r e s i s t o r  deposited a t  t h e  

A tantalum gra in  box, R. D. Mathis type ME-1, w a s  used t o  co-evaporate 

Cr-Si0 and Mn-SiO. The source w a s  i n  t h e  pos i t i on  of t h e  induct ion c o i l  shown 

i n  Figure 3. The sowce  temperature w a s  ca l ib ra t ed  against  source current  t o  

obta in  t h e  source temperature values by t h e  method indicated i n  Figure 7. 
The res i s tance  monitor on t h e  changer cons is t s  of a s e t  of s t a t iona ry  

spr ing contacts mounted i n  t h e  top  support p l a t e  t h a t  engage with a s e t  of 

contacts  f ixed t o  the  subs t ra te  c a r r i e r  p l a t e  at each of t h e  four  subs t ra te  

pos i t ions .  By connecting leads  from t h e  contact on t h e  subs t ra te  c a r r i e r  

p l a t e  t o  pre-deposited terminations on a subs t ra te ,  t h e  res i s tance  of  conduc- 

t i v e  fi lms can be measured during t h e  deposi t ion process. This fea ture  per- 

mit ted deposit ion of r e s i s t i v e  films t o  a given res i s tance  value. 

deposit ion of films i n  t h i s  repor t ,  t h e  film res i s t ance  w a s  monitored with an 

impedance bridge, General Radio type 1 6 5 0 - ~ .  After  removal from t h e  vacuum 

chamber, the  res i s tance  of t he  fi lm was measured at room temperature with a 

Wheatstone bridge, Rubicon Instruments model 1071. 

During 

I 1  11 Vacuum System "Drl: Vacuum system D w a s  s e t  up pr imar i ly  f o r  

The system i s  a Veeco model VE-775 automatic e lec t ron  beam evaporations. 

evaporator. 

s t r a t e  changer and a Veeco VE-€6 e l ec t ron  beam gun system. 

evaporations were made from a massive copper crucible .  

b e l l  j a r  i s  shown i n  Figure 8. 
of s t a in l e s s  s t e e l  and i s  26 inches i n  diameter. 

It i s  equipped with a modified Edwards microcircui t  j i g  or sub- 

Electron beam 

Apparatus wi th in  t h e  

The b e l l  jay. of t h i s  system i s  constructed 

Evaporation of metal films onto room temperature subs t ra tes  with t h e  

e l ec t ron  gun r e su l t ed  i n  film deposi ts  of non-uniform thickness.  

uniformity was noted f o r  a number of metals evaporated with t h e  e l ec t ron  gun 

on substrates  at temperatures up t o  250°C. The non-uniformity r e su l t ed  from 

e lec t ron  and/or ion ic  charges a r r iv ing  a t  t h e  substrate and possibly t h e  

charge build-up t h a t  occurred on t h e  subs t ra te  surface.  

g l a s s  substrates heated t o  400°C and above appeared uniform. A t  4OO0C, t he  

subs t r a t e s  are s l i g h t l y  conducting and apparently t h i s  prevents t h e  surface 

The non- 

Film deposi ts  on 
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from becoming charged during the  deposit icn.  TI.,Ls, it i s  believed t h a t  t h e  

sur face  charge t h a t  can occur e f f e c t s  primariiy t h e  non-riltiforiiiitg observed 

on t h e  cooler  and non-conducting substrates.  A co l l ec to r  ring i n s t a l l e d  i n  

f r o n t  of t h e  subs t r a t e  and biased at p l u s  300 t o  600 vdc with respect t o  liie 

s u b s t r a t e  holder and baseplate eliminated t h e  non-uniformity i n  film depos i t s  

on cool  substr&%es; ~ ; 1  t h e  o t h e r  hmd, the  non-l.mtfc!rmity p e r s i s t e d  with t h e  

r i n g  b iased  negatively; hence, it appears t h a t  t h e  r i n g  prevented t h e  a r r i v a l  

of e l ec t rons  at t h e  subs t r a t e  surface which i n t e r f e r e d  with obtaining uniform 

depos i t s .  Even though uniform f i lm  deposits were obtained on hot subs t r a t e s ,  

bombardment of t h e  f i lm  by charges during build-up obviously continued i n  t h e  

absence of t h e  c o l l e c t o r  ring. Hence, it i s  qu i t e  poss ib le  t h a t  f i l m  p u r i t y  

or c h a r a c t e r i s t i c s  a re  a f fec ted  by such bombardment. 

A s  a r e s u l t  of t h e  high pumping speed of t h i s  system, most evapora- 
-6 t i o n s  were made i n  t h e  low 10 Torr range. 

1 .2  Substrate Se lec t ion .  Corning Type 7059 g la s s  was se l ec t ed  as 

one of t h e  primary subs t r a t e  materials.  It i s  a barium alumino-sil icate w i t h  

compositions of extremely low a l k a l i  content. Because of t h e  l a t t e r ,  it has 

found frequent use  i n  t h e  e l ec t ron ic  indus t ry  as a s u b s t i t u t e  f o r  t he  more 

common g la s ses  where migration of a l k a l i  ions  wi th  applied e l e c t r i c  fi .elds 

caused i n s t a b i l i t y  i n  f i l m  components. The surface of t h i s  g l a s s  i s  qui te  

wavy; however, t h e  smoothness i s  equal t.0 or b e t t e r  than  one micro-inch, 

according t o  t h e  manufacturer. The glass w a s  obtained i n  dimensions of 1 x 

1 x 0,32 inches from Corning Glass Works, Elec t ronic  Components Department, 

Raleigh, N. C. Sof t  g l a s s  microscope s l i d e s  of t h e  non-corrosive v a r i e t i e s  

were .used extensively,  also.  

During e f f o r t s  t o  evaporate some r e f r a c t o r y  mater ia l s  w i t h  t h e  elec.tron 

beam apparatus, t h e  s o f t  g l a s s  subs t ra tes  were heated t o  t h e  softening poin t  

i n  c e r t a i n  ins tances .  Hence, polished f'used quartz substances were obtained 

fo r  e l e c t r o n  beam evaporations o f  re f rac tory  mater ia l s .  The dimensions o f  

these  were 1 x 1 x 0.030 inches. These were purchased w i t h  t h e  t r a d e  name 

"Micro-fised Quartz" from Del l  Optics Company, Ltd. , North Bergen, N. J. 

(Between t h e  g lasses  and f'used quartz subs t r a t e s ,  no d i f fe rence  i n  f i l m  Far-  

ameters were noted t h a t  could be a t t r i bu ted  t o  t h e  subs t r a t e  ma te r i a l . )  

Conventional copper g r ids  overcoated with carbon films were u t i l i z e d  

f o r  supplemental a n a l y t i c a l  s tud ie s  with t h e  e l ec t ron  microscope. 

- 1.3 Substrate Cleaning and Apparatus. Two subs t r a t e  cleaning meth- 

ods were used auring t h e  program. Method number 1 was employed f o r  a l l  of t h e  



specimens fabricated with vacuum systems A and B, and Method 2 w a s  used 

with vacuum systems C and D. 

employed. 

I n  both methods reagent grade chemicals were 

Cleaning Method 1. 

cleaned beaker or p e t r i  dish.  

added t o  the acid.  With addi t ion  of t h e  water, t h e  ac id  became hot. The 

subs t ra te  was placed i n  t h e  hot acid fo r  3 t o  5 minutes. The subs t r a t e  was 

then  removed f’rom t h e  ac id  with tweezers and successively r in sed  with d i s -  

t i l l e d  water and methanol. After  t h e  methanol r i n s e  t h e  subs t r a t e  w a s  d r ied  

with a hot air blower. 

Concentrated chromic acid w a s  poured i n t o  a 

A few drops of d i s t i l l e d  water were ca re fu l ly  

Cleaning Method 2. For Method 2, spec ia l  cleaning and handling 

apparatus including a demineralized water r i n s e ,  vapor degreaser,  and rack 

f o r  supporting a batch of subs t ra tes  were employed. 

The f i l t e r e d  demineralized water r i n s e  depicted i n  Figure 9 was used 

It provided a temporary and u s e f u l  water r i n s e  f a c i l i t y  f o r  t h e  i n i t i a l l y .  

i n i t i a t i o n  of t h i s  work. 

was the  Research Model manufactured by t h e  I l l i n o i s  Water Treatment Company. 

The f i l t e r  was fabr ica ted  by packing a f i l t e r i n g  grade of g l a s s  wool i n t o  a 

5/8 inch diameter x 4 inches long polyethylene tube (calcium chlor ide drying 

tube.)  

x 9 inches long x 3 inches deep. 

per  minute was maintained during r ins ing .  

The throw-away demineralizing ca r t r idge  employed 

The covered polyethylene d ish  used f o r  t h e  water bath i s  3 inches wide 

A water flow r a t e  of approximately 350 cc 

During t h e  l a t t e r  p a r t  of t h e  program, a Barnstead demineralizing 

loop, Model P L - 1 4 ,  w a s  obtained f o r  f i n a l  water r ins ing .  The PL-1-C loop 

was equipped with a submicron f i l t e r ,  one mixed bed demineralizing car t r idge ,  

one organic removal car t r idge ,  r e s i s t i v i t y  metering, and appropriate valving. 

To t h i s  a centrifiJga1 water pump w a s  added t o  r e c i r c u l a t e  a supply of water 

through a s t a in l e s s  s t e e l  r i n s e  tank. The system was charged with d i s t i l l e d  

water, U.S.P. grade. This was added t o  t h e  system as  t h e  water l e v e l  dropped 

with normal evaporation from t h e  tank. 

c lean box and w a s  covered with a l i d  when not i s  use. 

few minutes, the r e s i s t i v i t y  of t h e  water reached a l e v e l  of 15 t o  18 megohms. 

This l e v e l  of r e s i s t i v i t y  was used as a s t a n d a d  f o r  r in s ing  t h e  subs t ra tes ;  

i . e . ,  a f t e r  placing a batch of subs t ra tes  i n  t h e  r i n s e  tank, they were not re- 

moved u n t i l  the r e s i s t i v i t y  of t h e  water re turned t o  t h e  normal m a x i m u m  value. 

The substrates  were cleaned i n  acid before r in s ing  i n  water. After i n s t a l l a -  

t i o n  of t h e  high p u r i t y  loop, gross acid w a s  r insed  from t h e  racked subs t ra tes  

The r in s ing  tank was i n s t a l l e d  i n  a 

After operating f o r  a 
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with t h e  i n i t i a l  water r i n s e  of Figure 9 immediately before placing them i n  

t h e  high p u r i t y  r in se  tank. 

A vapor degreasing chamber constructed from s t a i n l e s s  s t e e l  w a s  em- 

ployed during t h e  f i n a l  s tage of subs t ra te  cleaning. 

was  closed with an aluminum p la t e .  

t h e  l i qu id  t r ich loroe thylene  and specimens were supported on a rack above t h e  

l iqu id .  

p l a t e ,  it vaporized and condensed on t h e  subs t ra tes .  

ac t ion  occurred as t h e  condensed drople t s  were returned by g rav i ty  t o  t h e  

l i q u i d  below. 

The top  of t h e  container 

The container  w a s  p a r t i a l l y  f i l l e d  with 

When t h e  l i q u i d  w a s  heated t o  t h e  bo i l ing  point  by an e l e c t r i c  hot 

A continuous washing 

The degreaser w a s  very usef'ul i n  obtaining smear-free surfaces .  

A spec ia l  rack w a s  constructed from type 304 s t a i n l e s s  s t e e l  t o  sup- 

por t  substrates  during cleaning. Figure 10 i l l u s t r a t e s  t h e  general  construc- 

t i o n  of t h e  rack which holds s ix teen  subs t ra tes  f o r  batch cleaning of rectan-  

gular  substrates .  The rack i s  mil led from a s o l i d  piece of s t a i n l e s s  s t e e l  

t o  eliminate deep holes and screw threads t h a t  tend t o  hold so lu t ion  between 

successive baths or r inses .  It i s  cleaned with t h e  subs t ra tes ,  and t h e  sub- 

s t r a t e s  a re  supported so as  t o  provide f o r  adequate drainage of l i q u i d s  from 

t h e  subs t ra te  corners and edges. 

mation of  so-called water marks or smears t h a t  occur i f  d rople t s  o f  l i q u i d  

c o l l e c t  along the  edges or corners during f i n a l  drying of a subs t ra te .  

hook type handle i s  constructed from a s t a i n l e s s  s t e e l  rod and i s  used to 
t ranspor t  the rack. 

The l a t t e r  fea ture  e l iminates  t h e  gross  for- 

The 

Figure 11 shows t h e  f i n a l  cleaning s t a t i o n  for  subs t ra te  cleaning 

method 2. The following i s  a stepwise descr ip t ion  of t h e  cleaning procedure. 

Scribe code numbers on back of subs t ra tes  and arrange i n  deposi- 

t i o n  order i n  subs t ra te  cleaning rack, 

Place racked subs t ra tes  i n  a f r e sh  hot chromic acid bath,  about 

1 0 0 ° C ,  for 5 minutes (chromic ac id  formed by sa tu ra t ing  concen- 

t r a t e d  sulf'uric ac id  with chromium t r i o x i d e  at room temperature 

-- keep ac id  dish covered t o  minimize oxidat ion a t  elevated 

temperatures),  

Remove from t h e  chromic acid and r i n s e  away gross acid with 

flowing demineralized water from dra in  tube of Figure 9, 
Dip racked subs t ra tes  i n  tank r i n s e  of Figure 9, 
Submerge racked subs t ra tes  i n  high p u r i t y  water r in se ,  Figure 11, 

leave i n  r ec i r cu la t ing  ba th  a m i n i m  of 10 minutes a f i e r  r e s i s -  

t iv i ty  r e tu rns  t o  a minimum of 15  megohms, 
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Remove racked specimens from water r i n s e  and r inse  with 

metnanoi from a biow fiask, 

Place racked subs t ra tes  i n  t r ichloroethylene degreaser f o r  a 

m i n i m  of 10 minutes o r  u n t i l  ready t o  place i n  vacuum deposi- 

t i o n  apparatus , 
Carefully remove substrates  from degreaser, 

Use cleaned tweezers t o  remove subs t ra tes  from cleaning rack 

and pos i t i on  i n  holders i n  t h e  vacuum deposit ion apparatus. 

I n  t h e  performance of  t h e  above cleaning procedures, t h e  subs t ra tes  

were not allowed t o  dry between successive baths. The methanol r i n s e  was 

used pr imar i ly  t o  remove water from the subs t ra tes  and rack before degreasing 

s ince  water and t r ichloroethylene do not mix very well. 

lene degreaser w a s  used pr imari ly  as a storage point  immediately before f i lm 

deposi t ion and as  a technique of drying t h e  subs t ra tes  t o  obtain a s t reak-  

f r e e  surface r a the r  than f o r  any unique cleaning or degreasing property of  

t h e  t r ich loroe thylene  vapor. 

The t r ichloroethy-  

1 .4  F i l m  Thickness Measurement Apparatus. A constant deviat ion spec- 

t rometer ,  f i l g e r  and Watts model D 186, w a s  used i n  conjunction with an i n t e r -  

ferometer t o  measure f i l m  thickness.  

white l i g h t  source and operates on t h e  p r inc ip l e  of multiple beam in t e r f e ro -  

metry' t o  produce f r inges  of  equal chromatic order. 

constructed under a previous p ro jec t  f'unded by the  Engineering Experiment 

S ta t ion  of Georgia Tech. 
2 McLauchlan and Sennett. 

The interferometer  i s  equipped with a 

The interferometer  was 

Design was based on t h a t  described by Scot t ,  

1.5 Other Fabricat ion Apparatus. A stereomicroscope with a magnifi- 

ca t ion  range from 0.n t o  60x, an op t i ca l  pyrometer, Wheatstone res i s tance  

bridge, thermocouple potentiometers, ml t ime te r s ,  and u l t r a son ic  bonding ap- 

paratus  were avai lable  f o r  rout ine measurements examination, and preparat ion 

of specimens during fabricat ion.  

1.6 General Fabrication Procedure. Common procedures and precautions 

followed t o  f ab r i ca t e  f i lm r e s i s t o r s  are discussed. Deta i l s  pa r t i cu la r  t o  a 

spec i f i c  species  of f i lms a re  given l a t e r .  

Preparation of Substrates for t h e  Resis t ive Films : Immediately 

following cleaning by one of t h e  two previously discussed cleaning methods, 

t h e  subs t ra tes  were appropriately masked and placed i n  a vacuum system f o r  

evaporation of f i lm terminations.  

l o w  
Upon evacuation of t h e  b e l l  jar t o  the  

Torr range o r  lower, t h e  substrates  were heated t o  about 300°C 
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and t h e  terminal f i lms were evaporated. 

successive evaporation of chromium and gold. 

t o  a thickness of 300 t o  1000 angstroms. 

t h e  evaporation of an overlayer of gold. 

was from 2000 t o  3000 angstroms. After cooling, t h e  subs t r a t e s  were removed 

from t h e  vacuum chamber, placed i n  a cleaned p e t r i  dish,  and s tored  i n  a 

des icca tor  u n t i l  ready f o r  deposi t ion of t h e  r e s i s t i v e  fi lms. 

The terminals  were deposited i n  

F i r s t  , chromium was  evaporated 

This w a s  followed immediately with 

The thickness  of t h e  gold overlayer 

The chromium underlayer w a s  employed t o  obtain s t rong adherence of 

t h e  gold film. Gold terminals were se lec ted  t o  provide a low res i s tance  con- 

t a c t  t o  t h e  r e s i s t i v e  fi lms. 

films t o  eliminate t h e  p o s s i b i l i t y  of contact r e s i s t ance  t h a t  can r e s u l t  from 

surface oxides between terminals  and r e s i s t i v e  fi lms. The l a t t e r  w i l l  occur 

i f  t h e  i n i t i a l  f i lm deposited forms a surface oxide before t h e  second f i lm i s  

deposited. A m i n i m  gold thickness  of 2000 angstroms w a s  necessary f o r  sub- 

sequent bonding of gold f o i l  leads t o  t h e  terminals  by thermal compression o r  

u l t r a son ic  bonding techniques. 

The terminals  were deposited before t h e  r e s i s t i v e  

Immediately before evaporation of t h e  r e s i s t i v e  f i lms,  t h e  pre-termi- 

nated subs t ra tes  were removed from the  desiccator  and loaded i n t o  masks. Gold 

leads were bonded t o  t h e  terminals of those subs t ra tes  t o  be monitored during 

deposit ion; otherwise, t h e  leads were at tached a f t e r  deposit ion of t h e  r e s i s -  

t i v e  f i lms.  A l l  of t he  subs t ra tes  were pre-terminated, except f o r  a few films 

fabr ica ted  ear ly  i n  the  program. For the  l a t t e r  f i lms,  leads were soldered t o  

t h e  r e s i s t i v e  films with indium a f t e r  deposit ion.  

General Evaporation Procedure f o r  t h e  Resis t ive Films: After  t h e  

subs t ra tes  were i n s t a l l e d  i n  t h e  deposi t ion apparatus and t h e  source w a s  

f i l l e d  with evaporant, t h e  following general  procedure was followed f o r  t h e  

evaporation of  t he  r e s i s t i v e  fi lms : 

(1) F i l l  LN2 t r a p  a t  beginning of pump-down, except f o r  vacuum 

system B, 

Evacuate t o  high vacuum range, 

Turn on subs t ra te  hea ter  f o r  desired temperature, 

Outgas evaporant and source by pre-heating or melting t h e  

evaporant with t h e  subs t ra te  shu t t e r  closed, 

After 30 minutes of subs t ra te  heating, record subs t ra te  temper- 

a ture  and high vacuum pressure,  

Open shu t t e r  and evaporate r e s i s t i v e  f i l m ,  record pressure during 

evaporation, and record monitor res i s tance  a t  t h e  end of t h e  

evaporation, 

( 2 )  

( 3 )  
(4) 

(5) 

(6) 
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(7 )  Turn subs t r a t e  hea ter  o f f  and cool  subs t r a t e s  t o  1 0 0 ° C  o r  l e s s ,  
{Ql n--- uyGll Tron-nirn VL*b-u.r nhamh--y ____._-__ remnye specimens and s to re  i n  a des icca tor .  

Attachment of Leads: Typically, gold ribbon leads  (0.001 x 0.005 
inches)  were bonded t o  t h e  gold f i lm  terminals of each r e s i s t o r .  

compression bonding was  used i n  most of t h e  bonding; however, u l t r a s o n i c  

welding apparatus w a s  ava i lab le  and use6 when comenient  . 
with leads  at tached a r e  shown i n  Figure 12. 

2. Measurements of Resis t ive Pazameters 

Measurements of r e s i s t ance ,  temperature coe f f i c i en t  of r e s i s t ance  

Thermal 

m i c a 1  specimens 

(TCR), and thickness  were made t o  determine t h e  r e l a t ionsh ip  between spec i f i c  

r e s i s t i v i t y  and TCR of each f i lm species. Representative specimens were then  

se l ec t ed  f o r  aging and pass iva t ion  s tudies .  I n i t i a l  parameters f o r  t h e  ind i -  

v idua l  specimens a re  l i s t e d  i n  Table I and summarized i n  Table V. 

2.1 Resistance Measurements: Resistance measurements were made with 

a wheatstone bridge, Rubicon Instruments model 1071. After  leads  were f ixed 

t o  t h e  r e s i s t o r s ,  r e s i s t ance  w a s  measured t o  four s ign i f i can t  f i gu res  a t  room 

temperature. 

f i lm,  t h e  r e s i s t ance  per  square w a s  calculated.  

i e s  r e s i s t o r s  were removed from t h e  oven and returned a f t e r  measurement a t  room 

temperature. 

From t h e  t o t a l  res i s tance  and known length t o  width r a t i o  of t h e  

During subsequent aging stud- 

2.2 Measurement of Temperature Coeff ic ient  of Resistance: To determine 

t h e  TCR, t h e  films were placed i n  a tube f'urnace and cycled t o  125OC i n  air .  

In i t ia l ly ,  t h e  r e s i s t o r s  were cycled t o  t h i s  temperature i n  5 t o  10 minutes. 

Later i n  t h e  program a 

20 t o  30 minutes. The 

d i f f e r e n t  oven w a s  used, and t h e  time w a s  increased t o  

TCR values were ca lcu la ted  from t h e  r e l a t ionsh ip :  

where R 

s i s t ance  a f t e r  cycling, and T - To was t h e  d i f fe rence  i n  temperature, i n  
degrees centigrade,  a t  room temperature (To) and l25OC(T). 

t h e  measurements a t  1 2 9 C  were made, t h e  r e s i s t o r s  were rap id ly  removed from 

t h e  oven and cooled t o  room temperature. 

value,  oxidat ion and annealing e f f ec t s  were minimized i n  t h e  ca lcu la ted  TCR 

was  t h e  r e s i s t ance  value at 125OCY R T 0 
w a s  t h e  room temperature re- 

Some f i lms changed i n  res i s tance  during heat ing t o  125OC; hence, a f t e r  

By us ing  t h e  l a t t e r  room temperature 
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t values.  

measurements. Thinner Y i h s  , less tliL7 500 ~,~gstrzlnys ill t h i ~ k ~ e s s  11 siially 

increased i n  res i s tance  by a g rea t e r  percentage than d id  subs t an t i a l ly  th ick-  

e r  f i lms  during t h e  TCR measurements. This i s  t o  be expected s ince an oxi- 

dized l aye r  of given thickness  i s  a proportionately g rea t e r  f r a c t i o n  of t h e  

t h i c h e s s  of +,himer fi lms. 

Table I11 shows t h e  changes i n  res i s tance  experienced during TCR 

2.3 Determination of Specif ic  Res is t iv i ty .  Specimens with TCR values 

representa t ive  of t h e  TCR range obtained f o r  each species  of fi lms were selec-  

t e d  f o r  thickness  measurements so t h a t  t h e  re la t ionship  between spec i f i c  re-  

s i s t i v i t y  ( p )  and TCR could be established. Ty-pically, two measurements of 

th ickness  were made at d i f f e r e n t  points on each film, and t h e  average value 

w a s  taken as t h e  f i lm thickness.  Thickness measurements were made with t h e  

apparatus discussed i n  sec t ion  1.4. The spec i f i c  r e s i s t i v i t y  was then  cal-  

culated from t h e  re la t ionship :  

p = Resistance pe r  square x film thickness;  

where t h e  res i s tance  per  square i s  i n  ohms and t h e  thickness  i s  i n  cent i -  

meters. Specif ic  r e s i s t i v i t y  values are l i s t e d  i n  t h e  t a b l e s  i n  units of 

microhm- cm. 

After  t h e  c h a r a c t e r i s t i c  r e l a t ion  between r e s i s t i v i t y  and TCR was 

es tab l i shed  f o r  a species and a given f ab r i ca t ion  procedure, subsequent re-  

s i s t iv i ty  values were estimated from a p l o t  o f  r e s i s t i v i t y  versus TCR. 

3. 

* 
Passivat ion and S tab i l i za t ion  of Films 

Two techniques of passivat ing and annealing fi lms t o  enhance s t a b i l i t y  

were examined. These were overcoating with Si0 and post-deposit ion baking i n  

a i r  a t  e levated temperatures. 

parameters were determined. 

These measures were taken a f t e r  t h e  r e s i s t i v e  

Some fi lms o f t h e  Mn + Si0 and C r  + Si0 s e r i e s  were overcoated with 

S i0  by evaporation techniques i n  high vacuum. 

thickness  of about 6,000 Angstroms. 

t o  about 300°C i n  30 minutes i n  t h e  vacuum environment. 

these  f i lms was then compared t o  t h a t  of similar films baked i n  a i r  and t o  t h a t  
of unprotected films. 

The Si0  w a s  deposited t o  a 

During overcoating, t h e  films were heated 

Subsequent aging of 

* 
A t y p i c a l  example f o r  zirconium-zirconium oxide f i lms i s  given i n  Figure 1.3. 
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Post-deposition baking i n  air w a s  s tud ied  more extensively as a 

means of s t a b i l i z i n g  t h e  films. 

were baked i n  a i r  f o r  3 t o  16 hours a t  temperatures ranging from 2OO0C t o  

30OoC. 

coated with S i 0  and t o  unprotected films. 

4. Extended Aging Studies 

Selected specimens of t h e  various species  

Subsequent aging of t he  fi lms were compared t o  similar films over- 

Selected specimens from most of t h e  species  f ab r i ca t ed  were s tored  i n  

a convection oven a t  129C. 
were recorded. Typically, t h e  study w a s  conducted f o r  1000 hours. Both pro- 

t e c t e d  and unprotected films were s tudied f o r  a no-load condition. 

Changes i n  the  r e s i s t i v e  parameters w i t h  time 

During the  aging period, r e s i s t ance  measurements were made about once 

a week. For each measurement, t he  specimens were removed from the  oven, and 

t h e i r  res i s tance  values a t  room temperature were recorded. Thus, each r e s i s -  

t o r  received a mild temperature shock upon removal and r e tu rn  t o  t h e  oven. A 

graph of  r e s i s t ance  change with time w a s  prepared f o r  each r e s i s t o r  placed on 

aging . 
5. Other Analy-t i c  a1 Measurements 

Electron microscope and e l ec t ron  d i f f r a c t i o n  s tudies  of g r ids  coated 

during t h e  evaporation of t h e  various specimens were made. Film compositions 

were obtained pr imar i ly  *om the  e l ec t ron  d i f f r a c t i o n  studies although e lec-  

t r o n  microprobe and x-ray d i f f r a c t i o n  techniques were a l s o  used. 

6. Use o f  Microprobe t o  Analyze Thin Films 
The specimens prepared f o r  examination with t h e  e l ec t ron  microprobe 

were deposited on carbon f i lm  subs t r a t e s  supported by e l ec t ron  microscope 

gr ids .  These specimens, when submitted f o r  examination, were qui te  wrinkled 

and wavy .  With a specimen of t h i s  nature ,  t he  analyzing c r y s t a l  i n  t he  micro- 

probe "sees" a d i f f e r e n t  input angle f o r  each d i f f e r e n t  a rea  t o  be analyzed. 

X-ray counts thus vary greatl jr  as a r e s u l t  of t h i s  d i f fe rence  i n  t h e  angle and 

because of variance of absorption of t h e  emitted r ad ia t ion  i n  paths  of d i f -  

f e r en t  lengths through t h e  specimen. 

t o  t h e  next opening on the  same g r i d  were not uncommon; thus,  no quan t i t a t ive  

data could be obtained. 

Variances of 30% from one g r i d  opening 

Two methods t h a t  may overcome these  d i f f i c u l t i e s  a re :  

(1) To f l o a t  t h e  deposited films o f f  t h e  subs t r a t e s  and deposi t  them 

on f i n e  mesh g r ids ;  or 
To deposi t  t h e  f i lms  on pol ished s o l i d  substrats of d i f f e r e n t  

elements t han  those i n  t h e  f i l m .  
( 2 )  



These methods should be considered for any fu ture  inves t iga t ions  of 

mater ia l s  exhibi t ing wrinkling due t o  i n t e r n a l  s t r e s ses  o r  t o  other  causes. 
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B. ELEXTRICAL PARAMETERS OF EVAPORATED FIIMS EXAMINED 

1. Introduct ion 

As  s t a t ed  previously 758 f i lms i n  seven ca tegor ies  of metal  or metal 

compound films were examined. Measurements of e l e c t r i c a l  r e s i s t ance ,  th ick-  

ness,  spec i f i c  r e s i s t i v i t y ,  and temperature c o e f f i c i e n t s  of r e s i s t ance  (TCR) 

were made for  most of these .  I n  addi t ion,  s t r u c t u r e s  of se lec ted  f i lms were 

examined by e lec t ron  and x-ray d i f f r a c t i o n  and by e l ec t ron  microscopy. 

I 

I 

These categories  of films will be discussed i n  order  of t h e  s impl ic i ty  

of t h e  preparat ion of t h e  f i lms;  i . e . ,  metal  f i lms ,  metal-metal oxide films, 

metal-s i l icon monoxide films, and f i lms formed by evaporation of t h e  more 

exot ic  compounds such as borides ,  n i t r i d e s ,  s i l i c i d e s ,  or combinations of 

I these  compounds. This order of presenta t ion  proceeds from t h e  commonly posi-  

t i v e  temperature coe f f i c i en t  of r e s i s t ance  of  metal  films t o  the  near ly  zero 

or highly negative one of some of  t he  mater ia l s  examineti. 

2. Metal Films 

Although t h e  prepara t ion  of r e s i s t o r s  of metal  films w a s  not a p a r t  of 

t h e  program due t o  the  known low r e s i s t i v i t i e s  of t h e  metals i n  t h e i r  pure 
I 
I s t a t e ,  i nc iden ta l  t o  t he  program some evaporations of metals were c a r r i e d  out 

i n  order t o  e s t ab l i sh  a s t a r t i n g  poin t  from which t o  examine t h e  e f f e c t s  of 

evaporation of se lec ted  metals i n  oxygen at low pressure 

Films of chromium, gadolinium, manganese, titanium, thulium, vanadium and z i r -  

conium were examined. It will be noted a l s o  by examination of t h e  l i t e r a t u r e  

t h a t  l i t t l e  has been reported previously concerning t h e  e l e c t r i c a l  p rope r t i e s  

of films of gadolinium, manganese, thulium or vanadium. This f a c t  i s  a second 

reason f o r  including i n  t h i s  repor t  measurements of t h e  parameters of t h e  metal  

f i lms examined. 

i 
t o  Torr) .  

, 

Most o f t h e  films were deposited on g l a s s  subs t r a t e s  a t  temperatures 

near 4OO0C. 

i n  Table I (Appendix). 

or some of t he  slowly evaporated ones, were pos i t i ve ;  t h e  highest  value ob- 

t a ined  was O.O021PC, 2100 x 1 0 - 6 / o c , ~ ~  (2100 ppmpC). Selected examples of 

values determined f o r  t he  films a re  shown i n  Table I A  and exact d e t a i l s  of 

prepara t ion  and measurements f o r  each fi lm a r e  shown i n  Table I. 

The exact conditions f o r  t he  prepara t ion  of each film a r e  noted 

The TCR values of all except t h e  very th innes t  films, 

I 

i 

It will be noted t h a t  t h e  TCR values f o r  these  films var ied  from 
-6 -6 -900 x 10 

t h i c k  and more pure ones. 

PC f o r  t he  very th innes t  films t o  +2100 x 10 PC f o r  r e l a t i v e l y  

Thickness ranges were approximately 106 t o  5000i, 



RESISTANCE PARAMETERS OF TYPICAL METAL F I M  
EVAPORA!ED I N  HIGH VACUUM 

Metal Thickness R/sq Resis t iv i ty  TCR p i p b  
( ~ n g  s t r m s  ) ( d m s  ) ( ~i c r  o h -  cm) (10-4.c) 

Chromium 

Manganese 

Vanadium 

Titanium 
Zirconium 

G a d  o linum 

Thulium 

Vanadium 
Titanium 

Z i r c  onium 
Gado liniwn 
Thulium 

1.8 
31.5 
b 

730 29 2 10 
920 9.8  90 

very t h i n  (<loo) 3,295. > 3,295 

1,125 15.6 174 
869 2,106 18,300 

2,485 5 - 3  132 
5,890 5.64 332 

13 

4.6 

+ 14 
+ 6  
+ 1.4 
+ 1 . 5  
+ 9 - 3  - 9.4 
+21 
+ 5  - 4 .3  
+ 6.7 
+ 5.96 
+13.8 

Examples of Metal Films Evaporated i n  P t i a l  Pressure 
of Argon Mixed with Oxygen at about 10-rtorr wi th  l i t t l e ,  
if any, oxygen present.  

590 16.5 

767 35 -2 
1,280 7.7 

700 10.7 
(Estimated) 

1.; 369 
743 

15.7 
31.6 

97.4 +14 
-75 +2l 

2 70 + 1.95 
99 +18 

2 14 + 6.2 
2 35 + 9.5 

1.14 
3.6 

3.96 

0.99 
2 .lc8 

~ 3 0 .  

42 0 

3.8 
d .8 

6.4 
2 .3  
1 .6  
2 .6  

* p/pb i s  the r a t i o  of the specif ic  r e s i s t i v i t y  of the metal film t o  t h a t  of the 
respective bulk metal. 
Metals, Cleveland, Ohio, 1961. 

pb Values from Metals Handbook, American Society f o r  
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and R/sq. values were 1 t o  3300 ohms giving r e s i s t i v i t i e s  i n  t h e  range of 

approximately 30 t o  18,300 microhm-em. The highest  r e s i s t i v i t y  value was 

obtained fo r  a zirconium f i lm having a thickness  of 869i and a TCR of 

-430 x 10-6pC. 

successive in t e rva l s  of  5 minutes a t  a subs t ra te  temperature of 360Oc. 

It was  deposited at a slow r a t e  of about 1 i / s e c .  i n  t h ree  

The value of 2100 x 10-6pC i s  only approximately one ha l f  t h e  TCR of 

i s  obviously one f o r  a very i m -  -6 a pure metal f i lm axd t h e  one of -430 x 10 

pure f i lm .  Impurit ies present  a t  t h e  subs t ra te  i n t e r f ace  and at t h e  e x t e r i o r  

one po l lu t e  t h e  film i n  all instances except those employing t h e  very bes t  

vacua obtainable and meticulous subs t ra te  cleaning. 

of  t h e  res idua l  atmosphere are  occluded i n  t h e  f i lm.  

evaporated f i lm i s  a pure one and we only prepare metal  films under most con- 

d i t i ons  which include varying degrees of impuri t ies .  The e f f e c t s  of impurity 

content may be enhanced by employment of a highly ac t ive  metal, slow evapora- 

t i o n  r a t e s ,  increased pressures ,  and cont ro l  of r e s idua l  atmosphere i n  t h e  

vacuum chamber 

I n  addi t ion,  molecules 

Hence, virtually no 

O f  t he  metal films examined only t h e  ones of zirconium gave r e s i s t i v i -  

t i e s  i n  t h e  range of 10,000 microhm-em desired;  and the  TCR of these  w a s  

approximately -400 x 10-6/”C. These values were obtained at deposi t ion r a t e s  

of a few angstroms per  second with subs t ra te  temperatures of 350 t o  450°C and 

b e l l  j a r  pressures i n  t h e  and 10 t o r r  ranges. A much lower bulk r e s i s -  

t i v i t y  ( p b )  o f  44 microhm-em i s  reported 

3. Films Prepared by Evaporation of Metals i n  Oxygen a t  Low Pressure 

-6 
6 f o r  zirconium, 

A s  noted i n  t h e  preceding sect ion,  r e s i s t i v i t i e s  of deposited films 

were increased by s l o w  evaporation r a t e s  i nd ica t ing  combination of t he  atoms 

o f  t he  deposited f i lm with atoms of t he  r e s idua l  atmosphere and probably at 

the  substrate surface. Thus, by increasing t h e  oxygen content of t h e  r e s idua l  

atmosphere one would expect t o  fu r the r  increase the  r e s i s t i v i t i e s  of t h e  films. 

Hence, gadolinium, t i tanium, thulium, vanadium, and zirconium were evaporated 

i n  t h i s  manner. I n  the  ea r ly  experiments, f a i l u r e  t o  f lu sh  e n t i r e l y  t h e  in-  

l e t  hose of argon r e su l t ed  i n  evaporation conducted i n  a r e s idua l  atmosphere 

of argon; t h i s  act ion,  i n  tu rn ,  r e su l t ed  i n  TCR values f o r  t h e  films as  high 

as  those obtained under t h e  bes t  vacuum conditions i n  t h e  systems employed, 

and i n  some cases higher. 
* 

* 
This resu  t suggested t h a t  evaporations i n  r e s idua l  argon pressures  of 
about lo-‘ t o r r  w o u l d  give TCR values higher thag normally obtained f o r  
films of metals evaporated i n  vacua of about 10’ t o r r .  

34 



Correction of t h e  oxygen i n l e t  procedure r e su l t ed  i n  films of t he  

e x ~ c e t ~ d  TCI! xc? r?~%s-kiv5-tl..y va1iI.e~. 

vanadium, titanium, and zirconium prepared i n  t h i s  manner. These fi lms 

were se lec ted  because they  show t h e  general rm-ge of r e s i s t i v i t i e s  for t h e  

various mater ia l s  having near zero TCR. The r e s i s t i v i t i e s  of vanadium and 

t i t an ium films prepared by this  manner were about 300 microhm-cm, and a 

zirconium film possessed a value of about 2400 microhm-cm. 

85 zirconium films were prepared; these had a r e s i s t i v i t y  range of 99 t o  

approximately 6 x 10 microhm-cm and a TCR range of (+ 1800 t o  - 6200) x 

10-6/”C. 

of an e s s e n t i a l l y  meta l l ic  film and the low negative one t h a t  of a zirconium 

f i lm  composed l a r g e l y  of zirconium oxide or  suboxides. The highest  r e s i s t i -  

v i ty  wi th in  t h e  f 200 x 10 

noted. 

Table I B  gives examples of fi lms of 

A t o t a l  of some 

7 

It i s  evident t h a t  t h e  higher pos i t i ve  TCR value represents  t h a t  

-6 
/“C range was t h e  2420 microhm-cm previously 

It i s  possible  t o  p l o t  t h e  r e s i s t i v i t i e s  obtained for a series of 

f i lms of t h i s  type against  t h e  TCR values and obtain a curve such as t h a t  

displayed i n  Figure 13 f o r  zirconium-zirconium oxide films. This curve i l l u s -  

trates a considerable s c a t t e r  of t h e  data  and a very s teep  slope of t he  curve 

i n  t h e  v i c i n i t y  of zero TCR. T h i s  behavior implies d i f f i c u l t y  w i l l  be en- 

countered i n  obtaining a repeatable TCR, and, i n  general ,  agrees with exper- 

ience during t h i s  research. 

Similar  data p l o t t e d  f o r  t i t a n i u m  and vanadium films deposited by 

evaporation i n  oxygen enriched res idua l  atmospheres a re  exhibi ted i n  Figures 

1 4  and 15. 
v i c i n i t y  of zero TCRthan f o r  t h e  zirconium, t h e  much lower r e s i s t i v i t y  val-  

ues  obtainable a re  obvious. 

Although t h e  slope of t h e  respective curves i s  much l e s s  i n  t h e  

The f e w  e f f o r t s  with gadolinium and thulium were non-productive. Data 

fo r  a l l  t h e  fi lms discussed are given i n  d e t a i l  i n  Table I (Appendix). 

It i s  evident again t h a t  zirconium alone of these  mater ia ls  gives pro- 

mise of high r e s i s t i v i t y  a t  low TCR values. However, l a rge  va r i a t ions  and 

t h e  s teep  slope of t h e  TCR versus r e s i s t i v i t y  curve near zero TCR ind ica t e  

a high p robab i l i t y  t h a t  d i f f i c u l t y  encountered i n  reproducib i l i ty  of a desired 

TCR w i l l  discount any advantage t o  be gained by t h e  general ly  higher r e s i s t i -  

v i t y  of t h i s  mater ia l .  

by a f ac to r  of 8 or more, it s t i l l  f a l l s  considerably short  of t h e  spec i f ied  

value of 10 microhm-cm at a TCR of  f 200 x 10 p C. 

Although higher i n  r e s i s t i v i t y  than t h e  other  mater ia l s  

4 -6 
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TABU I - B  

RESISTANCE PARAMF,TERs OF TYPICAL F I M  PREPARFD BY 
EVAPORATION OF METALS IN OXYGEN AT LOW PRESSURE 

(Films were se lec ted  with TCR values near zero)  

Thickness R / s q  TCR 
(Angstroms) ( ) Microhm-em ( 1 0 - 4 / 0 ~ )  

Vanadium 509 53.6 2 73 + 0.07 
2 37 132.5 314 - 1.66 

T i t a n i u m  

Zirconium 

767 
504 

35.2 
51.6 

2 70 
2 60 

72 6 84 604 
1050 230 2420 

+ 1.95 
- 0.18 

+ 0.01 
- 0.88 
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-+- D e p o s i t e d  by 

1,000 t o  17,000 Angstroms.  I 

e v a p o r a t i n g  Z r  f r o m  

lament  o n t o  g l a s s  m i c r o -  

a t  50 t o  450O C and i n  scope s l i d e s  

p a r t i a l  p r e s s u r e s  o f  an Argon-0 

m i x t u r e .  T h i c k n e s s  o f  f i l m s  ranged 
2 

. _  
-40 -30 -20 -10 0 +10  +20 

TEMPERATURE COEFFICIENT OF RESISTANCE 

( 1 o - ~ / o c )  

Figure 13. Specific Resistivity vs TCR of Zirconium-Zirconium 
Oxide Fi lms .  

37 



MODEL DATE 

SUBSTRATE - G l a s s  M i c r o s c o p e  S l i d e  

SUBSTRATE TEMP. - 4OO0C 

SOURCE - S t r a n d e d  W F i l a m e n t  

PRESSURE - U l t i m a t e  b e l l  j a r  p r e s s u r e  was 

Argon-oxygen m i x t u r e  a d m i t t e d  

p r e s s u r e  o v e r  t h e  r a n g e  of 1 X 

o i n c r e a s e  i-ti; t ;  1 

t o  1 X l o W 3  T o r r  f o r  e v a p o r a t i o n s .  

EVAP. TIME - V a r i e d  from 1/2 t o  12 M i n u t e s  

10 
-55 -45 -35 -25 -15 -5 0 5 

STANCE TEMPERATURE COEFFICIENT OF RES 

( 1 o-~/oc) 

Figure 14. S p e c i f i c  R e s i s t i v i t y  vs TCR 
Evaporated i n  Oxygen a t  Low 

of Titanium Films 
P res su re .  
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Represen ted  a r e  f i  Ims e v a p o r a t e d  i n  h i g h  vacuum and a t  p a r t i a l  

p r e s s u r e s  of  oxygen and argon-oxygen m i x t u r e s  f o r  a w i d e  range  1.. ' -  
I I ,  
I /  4+ t ' o f  d e D o s i t i o n  r a t e s  as i n d  i ca 

-40 - 30 -20 3 0 +10 +2 0 

-4 0 
TEMPERATURE COEFFICIENT OF RESISTANCE (10 / C )  

Figure 1 5 .  Specific Resistivity vs TCR of Vanadium Films. 
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4. Films Prepared by Evaporation of Oxides or Suboxides 
Films were also prepared by the evaporation of selected metal oxides 

or suboxides in vacua. These included oxides of tantalum, titanium, vanadium, 

and zirconium. 

Although very high resistivities were common, high negative TCR values accom- 
panied the high resistivity values. 

this procedure was a fruitful course with the single exception that a zircon- 

ium oxide film was prepared having a resistivity of 3.82 x 10 microhm-ern and 

a TCR of -291 x 10-6/oC. The data for the zirconium oxide evaporations are 
also included in Figure 13. These data indicated that the desired resistor 

parameters can be met with zirconium compounds of some form (without considering 
any stability or aging requirements). 
5. Films of Metal-Silicon Monoxide 

The data for these films are reported in Table I (Appendix). 

No indications again were obtained that 

4 

5.1 Introduction: The foregoing experiments did not appear to present 

fruitful methods of obtaining high resistivity films of low TCR; whereas, ex- 
perience by others " 4' had indicated that metals eo-evaporated with silicon 
monoxide were a possible alternative, presenting, of course, the difficulties 
in rate control of the dual evaporation sources or the rate control of two 

materials from a single source. 
Although chromium-silicon monoxide was known to be a desirable pair, an 

interpretative study required the employment of more than one metal-silicon 

monoxide pair, and studies of films of aluminum, copper, and manganese eo- 

evaporated with silicon monoxide were made. Of these, the chromium-silicon 
monoxide pair gave resistivity and TCR results more nearly in the range de- 

sired and data concerning it will be presented next. 
5.2 Films of Chromium-Silicon Monoxide: Some 45 films of chromium- 

silicon monoxide films were prepared by eo-evaporating the materials from a 

common source in the manner described in Section 11-A 1.1, Vacuum System C 
and in Table 1.46 

varied over the range (-3800 to +283) x 10 
3 7 about 10 to 10 microhm-em. Of particular interest was the fact that thick 

films with a resistivity of about 10 microhm-em possessed TCR values consistently 

within the limit +200 x 10 

The TCR values of these films as shown in Tables I and V H  
-6 /"C and the resistivities from 

4 
-6 

/ "C. 

* A discussion of film uniformity and reproducibility control appears in 
** Section I1 B, 11. 
See appendix for Tables I and V. 
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Figure 16 d isp lays  the  general  va r i a t ion  of TCR with r e s i s t i v i t y  fo r  

these  f i lms .  Data on t h e i r  aging and r e l i a b i l i t y  a r e  presented i n  Section 

11 B, 8. 
5.3 Films of Aluminum-Silicon Monoxide. Sixteen films of aluminum 

and s i l i c o n  monoxide were deposited by eo-evaporation of t h e  mater ia l s  and 

were measured for t h e i r  e l e c t r i c a l  p roper t ies .  

the  r e s i s t i v i t y  versus TCR da ta  a r e  shown i n  Figure 17 and i n  Tables I and 

V. 
ments f a l l  between pos i t i ve  and negative TCR values.  

ob ta in  po in t s  within the  gap s ince  the  fi lms were genera l ly  s o f t e r  and were 

l e s s  adherent compared t o  the  Cr-Si0 fi lms. 

TCR was obtained, giving a TCR value of +158 x lom6 a t  a r e s i s t i v i t y  of 326 

microhm-em. 

f u r t h e r .  

The general  d i s t r i b u t i o n  of 

Here i t  w i l l  be noted t h a t  here i s  a considerable gap i n  which no measure- 

No attempt w a s  made t o  

Only one f i l m  with a low absolute 

Hence, t h i s  pair d id  not appear t o  be a f r u i t f u l  one t o  inves t iga t e  

5.4 Films of Copper-Silicon Monoxide. Thirty nine films of copper- 

s i l i c o n  monoxide were prepared and examined. 

i n  Tables I and V and i n  Figure 18. 
the re  i s  a gap i n  the  data between r e l a t i v e l y  highly pos i t i ve  and negative TCR 

va lues .  Apparently t h i s  i s  a c h a r a c t e r i s t i c  of the  species;  f o r  a s e r i e s  of 

attempts were made t o  produce films tha t  would give data t o  f i l l  t he  gap; and d i d  

not appear t o  be poss ib le .  

t h e  lowest absolu te  TCR value obtained was 276 x 10 

r e s i s t i v i t y  of 42 microhm-em. 

s ingular  behavior i n  t h a t  some of  them displayed very high r e s i s t i v i t i e s  and 

a p o s i t i v e  TCR. 

microhm-em w a s  recorded f o r  a f i l m  (Cu + SiO-7B-A) possessing a TCR of + 407 

x and one with a r e s i s t i v i t y  of 13,600 microhm-em exhibited a TCR of 

+1100 x 10-6/oC.  This anomalous behavior should probably be s tudied  fu r the r  

as t o  t h e  reason f o r  it and as t o  i t s  poss ib le  usefulness.  

low r e s i s t i v i t y  values were obtained for nearly equal pos i t i ve  TCR values.  

wide v a r i a t i o n  i n  r e s i s t i v i t y  was also obtained f o r  negative TCR va lues .  

f o r  the  purpose of r e s i s t o r s  copper-silicon monoxide f i lms  do not f u l f i l l  the  

des i red  requirements. 

Data concerning these  a r e  reported 

An unusual behavior occurred i n  which 

O f  those films f o r  which thicknesses were measured, 
-6 /"C. This film had a 

These films genera.lly exhibited a most 

In  Table I it may be seen t h a t  a r e s i s t i v i t y  of 192,000 

Both high and 

A 

Thus, 
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MODEL DATE 

SPECIMENS: C r  + Si0 -6-C 
t h r u  C r  + S i 0  - 1 7 - C  

EVAPORATION: 

S o u r c e  - M E - l  
a ,  

S o u r c e  t o  S u b s t r a t e  D i s t a n c e  '44 t-lzj i- - --+ C t  + - 
S o u r c e  T e m p e r a t u r e  - 1350 t o  1 5 7 5 O C  'Cr IL-4-r. 

1 I / ,  

S u b s t r a t e  T e m p e r a t u r e  = 40OoC 
0 

F I L M  THICKNESS RANGE: 800 t o  3 5 5 0  
I 

"-40 - 30 -20 -10 0 +10 +20 

TEMPERATURE C O E F F I C I E N T  OF RESISTANCE 

( I O - ~ / O C )  

Figure 16. S p e c i f i c  R e s i s t i v i t y  v s  TCR o f  C r  + Si0 Films,  
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MODEL DATE 

1 o6 

1 o2 

1 0' 

TEMPERATURE C O E F F I C I E N T  OF RESISTANCE 
-4 0 (10 / C )  

Figure 17. Specific Resistivity vs TCR of A1 + Si0 Films.  
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MODEL DATE 

. S u b s t r a t e  - G l a s s  M i c r o s c o p e  S l i d e  

S u b s t r a t e  T e m p e r a t u r e  45OoC 

Source  - Dua l ,  W b o a t  f o r  Cu and  
Ta b o a t  f o r  S i 0  

P r e s s u r e  - ( 5  - 20) T o r r  

F I  LM THICKNESS RANGE - 470 t o  3700 Angs t roms  

i n  

A C o r n i n g  # 7059 G l a s s  37OoC 

Dual  BN C r u c i b l e s  h e a t e d  independen 
w/Ta h e l i x e s  (1-10)  T o r r  

900 t o  5000 Anqstrorns 

-40 -30 -20 -10 0 +10 
I "  

TEMPERATURE COEFFICIENT OF RESISTANCE 

( 1 O - ~ / O C )  

Figure 18. S p e c i f i c  Res is t iv i ty  vs TCR of  Cu + S i 0  Films 
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5 .5  Films of Maganese-Silicon Monoxide. Manganese i s  a near neighbor 

of  chromium i n  the  Periodic  Table. It was therefore  considered as a s u i t a b l e  

metal t o  co-evaporate with s i l i c o n  monoxide, especial ly ,  s ince it and S i 0  

sublim& over a common temperature range. Thirty-one f i lms of  t h i s  mixture 

were prepared by evaporations from a common source.  

films are given i n  Table I (Appendix) and swnmarized i n  Table V.  

bo th  r e s i s t i v i t y  and TCR var ied  over la rge  ranges.  

a t  low TCR was 3800 microhm-cm a t  -46 x 10m6/'C. 

i nd ica t e  that r e s i s t i v i t i e s  near 10 microhm-cm should be obtainable a t  a TCR 

of  about -200 x 10-6/oC. However, i n  the aging t e s t s  conducted subsequently 

the M.n+SiO films were l e s s  s t a b l e  than Cr+SiO. I n  addi t ion,  the hardness of 

t h e  films was i n f e r i o r  t o  Cr+SiO films. 

6 .  Films of Borides and S i i i c i d e s  of Selected Metals 

The parameters of the  

Here again 

The highest  r e s i s t i v i t y  

Data p lo t t ed  i n  Figure 19 
4 

6.1  Introduct ion.  A l i t e r a t u r e  survey was made on t h e  proper t ies  of 

metal  borides  and s i l i c i d e s .  

t o  corrosion.  The l i t e r a t u r e  search revealed l i t t l e  information on f i lms formed 

by evaporating the  compounds. On the  other hand, considerable information i s  
ava i l ab le  on the  compounds and on fi lms formed by vapor-pyrolysis techniques 

(references 6, 7, 8, and 9 ) .  
e l e c t r i c a l  r e s i s t i v i t i e s  and pos i t i ve  temperature coe f f i c i en t s  of e l e c t r i c a l  

r e s i s t ance  .7 Several  compounds of the borides  and s i l i c i d e s  exhib i t  semi- 

conducting proper t ies .  In  general ,  however, most of t he  metal  borides  and 

s i l i c i d e s  a r e  me ta l l i c  conductors w i t h  room temperature r e s i s t i v i t i e s  i n  the  

range 6-200 micr~hm-cm.~ 

e l e c t r i c a l  conductors than t h e i r  respect ive components i n  most cases .  The 

e l e c t r i c a l  p roper t ies  of severa l  of these compounds are l i s t e d  i n  references 

These mater ia ls  are r e f r ac to ry  and highly r e s i s t a n t  

The borides a r e  me ta l l i c  i n  nature  and have low 

The metal borides of the  group I V  metals are b e t t e r  
6 

7, 8 ,  and 9 .  
The compounds s i l i c o n  boride (BqSi), niobium boride (NbB2), n i cke l  

boride (NiB)  t i tanium boride (Ti€$), chromium s i l i c i d e  (CrSi2), and t i t a n -  

ium s i l i c i d e  (TiSi ) were obtained from commercial sources.  Minimum p u r i t y  
2 

of t h e  materials was 98 percent ,  The se l ec t ion  of these mater ia l s  was based 

on a v a i l a b i l i t y  from stock and on reported vapor pressure c h a r a c t e r i s t i c s  of 

the  respec t ive  const i tuents ,  among other p rope r t i e s .  Figure 20 shows the  vapGr 
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MODEL DATE 

TEMPERATURE C O E F F I C I E N T  OF RESISTANCE 

( 1 o - ~ / o c )  

Figure 19.  Specific Resistivity vs TCR of Mn + Si0 Films. 
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Figure 20. Vapor Pressure vs Temperature for Cr, B, Si, Ni, and Ti. 
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pressure  of C r ,  B, S i ,  N i  and T i  for the  temperature range of E00 t o  3400 
degrees Centigrade, 

pressure of common elements by R .  P. Rieger t  and d i s t r i b u t e d  by Sloan Instruments, 

Santa Barbara, Cal i forn ia .  N i B  was obtained i n  lump form from A l f a  Inorganics,  

Inc .  The remaining compounds were obtained from A .  D .  MacKay, Inc. ,  New York 
Ci ty .  

The f igure  was preparedfrom a t a b l e  of dens i ty  and vapor 

2 

A t  temperatures between Z O O  and 17OO0C, vapor pressures  of S i  and B 

are near ly  equal and of  a magnitude f o r  p r a c t i c a l  evaporation i n  t h i s  temperature 

range;  hence, s i l i c o n  boride should be vaporized with l i t t l e  change i n  composition. 

The vapor pressures  of C r ,  T i ,  N i ,  and Nb di f fe r  considerably f’rom t h a t  of S i  

and B .  

during evaporations where s u f f i c i e n t  d i sa s soc ia t ion  of the  compounds occurred. 

The vapor pressure curve of Boron i s  qu i t e  d i f f e r e n t  from the  other  elements 

i n  the  range f o r  p r a c t i c a l  evaporations, i n  t ha t ,  it f l a t t e n s  out  i n  the  tem- 

pera ture  range of about 1700 t o  2800Oc. The melting po in t  of 2300°C occurs 

near the center of the range. The vapor pressure curves of N i  and T i  c ross  

t h a t  of Boron near 20OO0C. 

evaporations o f  the  compounds should be poss ib l e ;  on the  other  hand, departure  

from stoichiometry would probably occur a t  temperatures above and below the  

poin ts  of i n t e r sec t ion .  It appeared f e a s i b l e  t h a t  t he  l a t t e r  f ea tu re  could be 

employed t o  produce high r e s i s t i v i t y  f i lms of the  boride mater ia l s  by evaporat-  

ing a t  temperatures which would r e s u l t  i n  boron enriched films. A number of 

elements with vapor pressure curves t h a t  i n t e r s e c t  the boron curve i n  the  region 

of l o w  s lope of t he  vapor pressure versus  temperature p l o t  are Pd, Y, V, and 

Z r .  I n  general, the  s i l i c i d e s  a r e  l e s s  r e f r a c t o r y  than the  bor ides ;  therefore ,  

mater ia l s  of t h i s  species  with r e l a t i v e l y  low melting poin ts  can be more 

r e a d i l y  evaporated. Also, s i l i c i d e  f i l m  r e s i s t o r s  were expected t o  be more 

s t a b l e  than the o thers  because of the  p ro tec t ive  f ea tu res  of s i l i c o n  oxide.  

Though a very l imi t ed  number of films were prepared of t he  compounds, most 

of the  discussed e f f e c t s  were observed t o  some degree. 

Thus, considerable partial d i s t i l l a t i o n  of  these would be expected 

Thus, a t  the  poin ts  of i n t e r sec t ions  s toichiometr ic  

6.2 B e p a r a t i o n  of the  Films. Electron beam apparatus w a s  used t o  

evaporate t h e  compounds C r S i  B4Si, NbB and TiB2 .  I n  addi t ion,  evaporations 

of CrSi2 - T i S i 2  and CrSi 
2’ 2 

- B S i  mixtures were made by e l ec t ron  beam techniques.  2 4  
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CrSi and TiSi were evaporated from resistively heated tungsten boats 3 simi- 2 2 
larly, Ni B was evaporated from tungsten baskets. 2 
films were prepared from most of the materials, and in general, the stability 
was enhanced by yost-depcsition baking of the films at elevated temperatures 

in air. 

Stable high resistivity 

The electron beam evaporations were made with a Veeco Ve-B6C system. 

Evaporant charges were placed in a massive copper crucible. The electron gun 

was spaced at a distance of 10 inches from the crucible. At this distance, 
the beam diameter was about 1/2 to 3/4 inches with maximum electron density 
over a 3/8 inch diameter spot at the center of the beam 
the beam aided in outgassing 
the beam dispersion, the power density available at the crucible was diminished. 

The relatively large gun to evaporant distance minimized contamination of the 

gun from evaporant vapors. Contamination was minimized further by having a 
large metal plate with a small exit hole for the beam between the crucible and 

gun to shield the gun from evaporant vapor. These measures eliminated the 

need of frequent cleaning of the gun. The substrate to crucible distance was 

8 inches for all of the electron beam evaporations. Figure 3 illustrates the 
arrangement of the apparatus in the bell jar. Upward evaporations were made 

with the tungsten sources at a substrate to source distance of about 4 inches. 

The broadness of 
and melting powdered charges; however, due to 

Soon after deposition, the resistive parameters (resistance, R per 
square, and TCR) of the films were determined. 

selected for aging studies. To complete extended aging studies, measurements 

were continued for about two months beyond the originally specified contract 

period. The effects of post deposition baking on the films and subsequent 

stability were examined, also. Detailed fabrication and resistive parameter 

are given in Table I and summarized in Table V. Effects of post-deposition 

baking are shown in Tables I1 and IIA. A summary of aging results is given 
in Table 111. The more pertinent aspects are discussed subsequently. In 
these studies no evaluations were made of noise characteristics or of thermo- 

electric potentials. The latter behavior should be examined,in particular, 

for boride films. In general, the films were not examined for semiconductor 

Typical specimens were then 

* 

* 
For Table IIA - see Appendix. 
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prope r t i e s .  

magnitude but would be suspected t o  occur i n  fi lms of highly negative Tm 

or those having r e s i s t i v i t i e s  approaching t h a t  of semiconductors. 

These a r e  not l i k e l y  t o  e x i s t  i n  films with TCR values  of low 

6.3 S i l i con  Boride Films. The e l ec t ron  beam apparatus was employed t o  

evaporate s i l i con  boride (B4Si). 

was t ransparent  and had a yellowish t o  brownish appearance. 

ance w a s  obtained with ohmmeter probes appl ied  t o  the f i l m  surface.  Hence, 

t h i s  mater ia l  alone i s  not bel ieved t o  be a l i k e l y  one f o r  r e s i s t o r  f ab r i ca t ion .  

The film showed considerable r e s i s t ance  t o  scratching with a s t e e l  po in t ;  how- 

ever, the hardness and adherence were not as good as t h a t  usua l ly  experienced 

w i t h  S i 0  films. 

A r e l a t i v e l y  th i ck  f i l m  was deposi ted;  it 
An i n f i n i t e  r e s i s t -  

6.4 Niobium Boride Films. Niobium boride f i l m  r e s i s t o r s  were deposited 

by evaporating the compound NbB 

t r o n  beam gun t o  heat the evaporant. 

fabr ica ted  by t h i s  method of evaporation. Glass subs t ra tes ,  Corning type 7059, 

were used f o r  specimens 1 and 2 .  Polished quartz subs t r a t e s  were used fo r  

specimens 3 th ru  14, and a g lass  microscope s l i d e  was used f o r  1 5 .  The sub- 

s t r a t e s  were heated t o  250°C before i n i t i a t i n g  the  evaporation 

pos i t ion  periods of 10 minutes i n  length were used f o r  the  f i r s t  e ight  specimens 

i n  the s e r i e s .  The remaining specimens were deposited i n  one t o  three  minute 

in t e rva l s .  According t o  reference (7), the r e s i s t i v i t y  of NbB is  65.5 microhm- 

em, and the  compound has a pos i t i ve  temperature coe f f i c i en t  of r e s i s t ance .  

Except f o r  specimen NbB -9, r e s i s t i v i t y  of the  niobium boride f i lms ranged 

from 1.03 x 10 t o  1 x 10 microhm-em with highly negative temperature coef- 

f i c i e n t s  of res i s tance ,  see Tables I and V. 

10 

shu t t e r  d id  not c l ea r  the path of the e l ec t ron  beam, and a port ion of it was 

melted. Evidently, t h i s  accounted for  the lower TCR value obtained. 

from a massive cooper c ruc ib le  using an e l ec -  2 
Fi f t een  r e s i s t o r s  NbB - 1 t h r u  15 were 

2 

process .  De- 

2 

5 '6 

A much lower TCR value of -4.76 x 
-9; during t h i s  evaporation, the s t a i n l e s s  s t e e l  -4 

/"C was obtained f o r  NbB 2 

I n  Table I, i t  can be seen t h a t  the TCR values s h i f t e d  i n  a pos i t i ve  
d i r ec t ion  w i t h  increasing evaporant temperature corresponding t o  increasing 

e lec t ron  beam power used t o  heat the  evaporant. 

films with small TCR values by t h i s  technique of evaporation, i t  i s  indicated 

t h a t  evaporant temperatures exceeding 2300°C w i l l  be required.  

To obtain niobium boride 

The e lec t ron  



beam power fluctuated considerably during these evaporations. 

over the resistivity of films deposited by this method, precise control of the 
electron beam power will be necessary. 
TCR for this species is shown in Figure 21. 

To obtain control 

A plot of specific resistivity versus 

From the variations in and resistivity with be.m ?ewer, it. is 
apparent that distillation effects resulted in varying degrees of boron en- 

richment of the films compared to the compound formulation of the evaporant. 

This could not be verified by electron diffraction measurements. The electron 

diffraction patterns indicated that the films were amorphous. 

Aging studies of specimens selected from the niobium boride series were 

Unprotected resistors and resistors baked in air at 300°C were conducted. 

stored in a 1 2 5 ° C  oven to observe subsequent stability with time. 
have aged relatively poorly. The resistance of films with resistivities in 

the range of lo5  to 10 microhm-em increased an average of 125 percent during 
post-deposition baking at 300°C for 3 hours in air, and subsequent increases 
in value of 8 percent were obtained after aging for 1000 hours at 125°C. 
Niobium boride films of similar resistivities but unprotected increased in 

resistance from 4 to 9 percent after 1000 hours at 125°C; lower resistivity 
specimens of this series may show better aging characteristics. Figures 22 

a n d 8  show- typical aging during 1000 hours at 125°C. 

in air did not stabilize the films ofthis series. One would expect to obtain 
adequate passivation of the films with an over-layer of SiO. 

The films 

6 

Post-deposition baking 

It was interesting to note that the films of the first 8 specimens in 
the niobium boride series exhibited transparency to great thickness ranges. 

For example, NbB -1 and 2 had a thickness of 2,325 and 3,480 Angstroms, 
respectively, and to the naked eye showed a transparency similar to that 
normally observed for pure metal films of a thickness of about 1000 Angstroms. 
m r e  metal films become opaque at a thickness of about 1500 Angstroms. 

2 

It is probable these films will have high thermoelectric coefficients J 

however, no tests were made to establish their thermoelectric properties or 

their sensitivity to light. 

6.5 Nickel Boride Films: Evaporations of Nickel Boride, Ni B, were 2 
made from tungsten baskets in high vacuum. The evaporant was in the form of 
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SPtCIMtN: N D B 2  -5 

R-FILM FABRICATION DATE: 11/10/66 

PROTECT I VE MECHAN I SM: None 

DATE : 

PARAMETERS: 

I N I T I A L  RtSISTANCE: 84,500 ohms 

R E S I S T I V I T Y :  R/sq = 8,450 ohms 
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Figure 22. Resistance Aging a t  125 C i n  A i r  of a Typical Unprotected 

NbB2 Film. 
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SPECIMEN: NbB2-8  

R-F ILM FABRICATION DATE: 1 1 / 1 0 / 6 6  

PROTECTIVE MECHANISM: A i r  Bake 

DATE: 

PARAMETERS: 

I N i T l A L  RESISTANCE: 54,010 o h m s  
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4 .  
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Figure 23. Resistance Aging a t  l 2 5 O C  i n  A i r  of a Typical NbB 
Post-Baked i n  A i r .  
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SPECIMEN: C r S i 2  -9 

PROTECTIVE MECHANISM: None 

R-FI LM FABRICATION DATE: 10/19/66 

DATE : 

PARAMETERS: 

I N I T I A L  RESISTANCE: 53.7 ohms 

R E S I S T I V I T Y :  R / s q  = 53.7 ohms 

p = 2450 m i c r o h m  - cm 
-4 0 I N I T I A L  TCR: +0.59 X 10 / C 

AGING: 
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TCR c y c l e  #l  230' t o  125OC i n  A I R  
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Figure 24. Resistance Aging at 125 C i n  A i r  of a Typical Unprotected 

CrSi F i l m .  2 
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PROTECTIVE MECHANISM: Baked i n  A i r  
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DATE : 
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Figure 25 .  Resistance Aging a t  125OC i n  A i r  of a Typical CrSi2 Film 
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chunks ranging from small pellets to a nominal diameter of 3/8 inches, 
evaporant melted at a basket temperature of about l 2 O O " C .  

the melting point of Ni B is lO5O"C. 
temperatures near the melting point, and the evaporation rate was slow which 
resulted in a very thin film as indicated in Table I. Specimens PJi B -2 were 
evaporated at filament temperatures exceeding 1300°C but less than 1600"~. 
Electron diffraction analysis of grids coated similtaneously with the resistors 

indicated a composition of nickel. 
tivity values were relatively low, and the TCR values were relatively high. 

It is apparent that stoichiometric Ni B films can not be obtained readily by 2 
evaporating the material at the source temperatures employed. Possibly source 

temperatures higher than 1600°C will result in nickel boride films more nearly 
approaching stoichiometric properties. 

The 

According to (9) ,  
Specimen Ni B -1 was evaporated at 2 2 

2 

As indicated in Tables I and V the resis- 

Extended aging studies of these films were not conducted. During the 

initial TCR measurements, the films increased in resistance by small percentages. 
6.6 Titanium Boride. Of the silicide and boride compounds studies, 

Its melting point is Titanium Boride, TiB2, is one of the more refractory. 

about 2950°C. 

glass substrates by sublimation in high vacuum at considerably lower tempera- 
tures than the melting point. Five resistors were fabricated in groups of 

two and three in two electron beam evaporations from a powdered charge of TiB 

The respective substrate temperatures were 260"c and 370°C. 
were cooled to 75°C before removing from the vacuum chamber. 
both depositions were severely reticulated in areas of direct contact with the 

glass substrate; however, no reticulation occurred where the films were over 

the pre-deposited chromium-gold terminals. 
The TCR values of the films in the second deposition ranged from -430 

However, resistive films of the material were deposited on soft 

2' 
The specimens 

The films of 

ppm/"C to -172 ppm/"C. 
thickness measurements could not be made with the interferometer used for this 

purpose; however, by visual observation it was obvious that all three films 

were much greater than 1500 Angstroms thick. 

the specific resistivity of the films were estimated to be > 10 microhm-cm. 

Because of surface roughness of the reticulated films 

Thus, from the known R / s q  values 
4 
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Electron diffraction patterns were made of films deposited on grids 

during the two depositions. 
deposition at (2 to 5.6)KW beam power. 
for the second deposition, and no identification of film composition was 

made. 

A strong Ti line was observed for the first 
A pattern could not be obtained 

The beam power during this deposition was in the range (2 to 3.5)KW. 
During the TCR measurements, the films were cycled to l 2 5 " C  in air 

over an interval of 20 to 30 minutes, and the films increased in resistance 
by an average value of 11 percent. The poor aging probably resulted from the 
large area subject to oxidation due to high porosity and as a result of re- 
ticulation. The films were not placed on extended aging tests. 

Films deposited at 370°C were somewhat less reticulated than those 
deposited on 250°C substrates. 
probably be eliminated by using considerably higher substrate temperatures. 

The highly refractory nature of this material, its potentially inherent 
protection offered by the formation of a tenacious surface layer of oxide 

composed of oxides of titanium and boron, and its potentially attainable resis- 

tivity and TCR characteristics by evaporation or sputtering are very desirable 
features. 

a proper choice of substrate and substrate deposition temperature can eliminate 
the reticulation problem encountered. 

This indicated that the reticulation could 

The material is very promising for film resistor application provided 

6.7 Chromium Silicide Films. Chromium silicide film resistors were 
deposited by evaporating the compound CrSi 

of about 1 x lom5 torr. 
range l3OO to 1400°C which is slightly below its melting point of 1425°C. 
the sublimation temperatures, some reaction of the evaporant with the tungsten 
boat occurred and a 5 mil thick boat was destroyed after 5 evaporations. 
the melting point and above, the compound destroyed the tungsten boat rapidly; 
hence, evaporations from tungsten could not be made at temperatures above the 

melting point. 
listed in Tables I and V. The substrate temperatures of specimens 1 through 
3 were in the range of 375 to 450°C. 
of the remaining films were in the range of 275 to 350°C. 
1, 2 and 3 were deposited in 1-1/2, 1, and 3 minute periods, respectively. 

from tungsten boats at pressures 
The material sublimated at boat temperatures in the 

2 

At 

At 

The parameters of the chromium silicide films deposited are 

Substrate temperatures during deposition 

Specimens CrSi2 - 
A 
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10 minute deposi t ion period was used f o r  specimens C r S i  - 4, 5, 6, and ' f .  

All of the  subs t ra tes  were Corning type 7059 g la s s .  For a n a l y t i c a l  purposes, 

an e l e c t r o n  microscope g r id  was coated simultaneously with deposi t ion of each 

r e s i s t o r  s l i d e .  

2 

A complete s e t  of da ta  was obtained f o r  the  f i rs t  two spechiens.  A s  c m  

be seen i n  Table I, the  r e s i s t i v i t y  of the th inner  f i lm  (30 1) was 615 microhm- 

em. The th icker  f i lm  had a spec i f i c  r e s i s t i v i t y  of 332 microhm-em and was 1350 

A t h i c k .  

The magnitude of the TCR i s  small  f o r  the r e s i s t i v i t y  range of 332 t o  615 
microhm-cm. TCR values of t he  f i r s t  seven f i l m  r e s i s t o r s  having a f i lm  compo- 

s i t i o n  of C r  S i  ranged from (-744 t o  +l25) 10 

s i l i c i d e  r e s i s t o r s ,  crsi2-8 and -9, were fabr ica ted  i n  t h i s  manner a t  the  

highest  p rac t icable  evaporation r a t e  for  the  tungsten boat used. The TCR 

values of these were +229 x 10 

t i v i t y  of 246 microhm-cm was obtained f o r  CrSi 

t i v i t y  obtained f o r  the chromium s i l i c i d e  s e r i e s .  

The respect ive TCR values were -36 x 10-6/"C and +io5 x 10-6/oc. 

-6 / " C .  Two addi t iona l  chromium 3 

-6 -6 /"C and +59 x 10 /"C,  r espec t ive ly .  A r e s i s -  

-8; t h i s  was the lowest r e s i s -  2 

The e lec t ron  beam apparatus was used t o  evaporate CrSi2 a t  s l i g h t l y  

above i t s  melting po in t .  Two re s i s to r s ,  CrSi2 -E2 and 13 were prepared by 

evaporating from a melt of C r S i  Average TCR and r e s i s t i v i t y  values were 

+351 * 50 ppm/"C and 408 5 10 microhm-cm. I n  Figure 21, it may be seen t h a t  

these  poin ts  f i t  a curve of r e s i s t i v i t y  versus TCR of the specimens prepared 

previously with the tungsten boat evaporations.  

2 '  

A n  e lec t ron  d i f f r a c t i o n  analysis of f i lms deposited on gr ids  with the  

CrSi2  r e s i s t o r s  indicated a f i l m  composition of C r  S i  f o r  the f i r s t  f i ve  

evaporations from a tungsten boat .  On the  other  hand, a s t rong chromium 

composition was obtained f o r  the  electron beam evaporation from the melt .  

3 

According t o  reference (9) C r S i 2  i s  a semiconductor. The f a c t  tha.t 

f i lms deposited from the compound show meta l l ic  conduction proper t ies  i s  

fu r the r  evidence t h a t  the  fi lms a re  of d i f f e r e n t  composition than the  evaporant 

and t h a t  p a r t i a l  d i s t i l l a t i o n  e f f ec t s  occurred a t  the  source.  

The luwer r e s i s t i v i t y  and higher TCR values (more pos i t i ve )  were obtained 

f o r  f i lms where sublimation of the CrSi2 was conducted at j u s t  below i t s  melt- 

ing poin t  from tungsten boats and for  evaporation from the melt with an e l ec t ron  

beam. The higher r e s i s t i v i t y  and negative TCR values were obtained a t  s l i g h t l y  
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lower evaporation temperatures of about 1300°C from tungsten boats. 
shows that for these specimens the resistivity increased from 250 microhm-em 

at a TCR of +220 ppm/"C to 2,500 microhm-em at a TCR of -700 ppm/"C. 
TCR the resistivity was about 500 microhm-em. 

Figure 21 

At zero 

The chromium silicide films were hard and strongly adherent to glass 
substrates. Aging characteristics were superior, also. After 1000 hours at 

125°C in air, the maximum change in resistance obtained was a decrease in 

resistance of 2 percent for unprotected films. 
of 0.55 percent was obtained after 1000 hours at 125°C for films baked in air 
at 300°C after deposition. During the initial TCR measurements, the chromium 

silicide films usually decreased slightly in resistance; this tendency to 

decrease in value during aging indicates that the films were not completely 
annealed during the deposition phase. 

appears in Table 111. 

A maximum increase in resistance 

A summary of the aging of the films 
Figures 24 and 25 are typical aging curves. 

In Tables I1 and I1 A, the changes in resistance during post-deposition 
baking are given. 
increase in resistance of 15 percent for CrSi -6. 
resistance were less. 

For most resistor application, post-deposition baking should not be required 
for properly annealed films. 
percent or less, post-deposition baking o r  other methods of passivation are 
recommended. 
annealing and passivating, it can be used to trim resistors in a positive 
direction by oxidation to a specified value. From a fabrication standpoint, 

it would be desirable to passivate and adjust the resistors to value at room 
temperature; one might achieve this by anodization techniques; both chromium 
and silicon form anodic films. 

The maximum change in resistance during the bake was an 
In general, the changes in 

One film, CrSi -5, decreased in value by 0.47 percent. 
2 

2 

However, to meet stability requirements of 1 

Post-deposition baking has an advantage in that, in addition to 

10 

From a standpoint of ease of fabrication, stability, and low magnituae 

of TCR, chromium silicide is recommended highly for film resistor application 
that can be met by films of medium specific resistivity. In general, the 

resistivity of these films in the f 5 O O  ppm/"C range of TCR is about an order 
of magnitude higher than that usually reported for pure tanta.lum films deposited 



by diode sputtering. Before serious consideration is given to using the 
material as precision resistors, the thermelcctric and nnise propertjes 
should be established. 

6.8 Titanium Silicide Films. Twelve titanium silicide resistors were 

deposited by heating a powder of the compound TiSi2 in a tungsten boat at 
temperatures in the range 1400' to 1600"~. Sublimation of the compound occurred 

in this range of boat temperatures. The boat temperatures were measured with 
a pyrometer and appear to be in slight disagreement with the reported melting 

temperature of l5OO"C for TiSi2; however, the temperature of the powder was 

probably less than that of the boat because of losses in heat transfer between 
the two. 

from the boat. Parameters of the deposited films are listed in Table I. 
Electron diffraction analysis of the first 10 fihs indicated a f i lm composition 
of TiSi plus free Si. Analyses of TiSi -11 and -12 indicated that these 

films were composed primarily of TiSi The highest boat temperature and re- 2 '  
sultant evaporation rate were used for these two films. It is apparent that 

fractional distillation of the compound occurred at the source when heated to 
the lower range of temperatures employed; hence, silicon enrichment of the 
deposited film occurred. As the boat temperature was increased, the film 
properties approached the bulk properties of the evaporant. 
spitting of the TiSi2 powder, attempts to melt and evaporate the material 

with an electron beam gun were unsuccessful. 

At temperatures > 1600°C gas evolution blew portions of the powder 

2 2 

Due to excessive 

By varying the boat temperature, a wide range of TCR values were obtained. 
/ " C  were characteristic for boat 

Correspondingly, the specific 

-4 -4 
TCR values of -10.3 x 10 
temperatures in the range of 1500 to 1600"~. 

resistivity varied from 6,000 to 1,000 microhm-em. 

10 

the range 1,400 to l,500°C. 

species is included in Figure 21. It appears that the resistivity of this 
species will be lower near zero TCR than that obtained for CrSi 

produce resistors of the titanium silicide species at a given TCR or resis- 
tivity value, precision control of boat and substrate temperatures will be 

required. 

/"C to -3.61 x 10 

Values of TCR f rom -45 x 
-4 -4 /"C to -10.3 x 10 / "C  were obtained by varying the boat temperature in 

A plot of the resistivity versus TCR of this 

To re- 2' 
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The films exhibited excellent adherence to glass substrates and were 

quite hard. 

minimum period of 1000 hours. 

films were included in the aging studies. 
resistivities in the range (0 .5 < 1 I; 5)lO 
by 17 percent after 1000 hours of aging; whereas, similar films baked in air 
at 300°C for 5 hours after deposition increased in resistance an average of 
0.35 percent. In the unprotected state the resistors increased in value 1 
to 20 percent during the initial TCR measurements where they were cycled to 

l25"C in air over a period of about 30 minutes. During the post-deposition 
baking at 300°C, the resistance values increased by approximately 28 percent. 
Figures 26 and 27 show the typical aging of the films. 

Typical specimens were placed on aging at 125°C in air for a 

Both unprotected and post-deposition baked 

Two unprotected resistors with 
3 microhm-em increased in resistance 

It can be concluded from the aging data that post-deposition baking or 
other methods of passivating, such as anodization, will be required for the 

titanium silicide films, and that the films can be stabilized by baking in air. 
The low aging of the post-baked films was about equal to that obtained for 

similarly treated chromium silicide films. However, the films were not as 

resistant to oxidation in the unprotected state as were the latter. 

6.9 Chromium Silicide-Titanium Silicide Films. Seven Chromium Silicide- 

2 Titanium Silicide resistors were fabricated by evaporating a mixture of CrSi 

and TiSi powders. The powders were mixed in a 1:l mass ratio. This was 
placed in a massive copper crucible and melted with an electron beam. 

orations were then made from the molten pool of the material. The seven 

resistors were deposited during three successive evaporations with 2 beam 
power of (2-3)ICW, (3-3.5)KW, and 4KW, respectively. 
for all three depositions and only a very small portion was evaporated. 
Other fabrication details are listed in Table I. 

2 
Evap- 

The same melt was used 

A carbon coated copper electron microscope grid was placed adjacent 
to resistors CrSi + TiSi2 -3 and 4 during the first deposition at (2-3)KW 
of beam power. Electron diffraction analysis of the grid indicated a film 
composition of CrSi only. There was ILO evidence of titanium or titanium 

silicide. 

2 

2' 
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SPECIMEN: T i S i 2  -9 

PROTECTIVE MECHANISM: N o n e  

R-F ILM FABRICATION DATE: 1 0 / 1 8 / 6 6  

DATE: 

PARAMETERS: 

I N I T I A L  RESISTANCE: 135 ohms 

R E S I S T I V I T Y :  R / s a  = 135 ohms 
3 .  

p = 1.1 X 10  microhm - cm 

I N I T I A L  TCR: -5.85 x I O - ~ / O C  

THICKNESS: 

COMPOSITION: T i S i 2  p l u s  f r e e  S i  

AGING: 
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Figure 26. Resistance Aging a t  125OC i n  
TiSi Film. 2 
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SPECIMEN: T i S i 2  -12 

R-F I LM FABR I CAT I ON DATE : 10/3 1 /66 

PROTECT I VE MECHAN I SM : A i r B a k e  

DATE: 1 1 / 1 / 6 6  

PARAMETERS : 

I N I T I A L  RESISTANCE: 110 ohms 

R E S I S T I V I T Y :  R / s q  = 110 ohms 
3 .  

p = e 1  X 10 m i c r o h m  - cm 
-4 0 I N I T I A L  TCR: - 5 . 1 3  X 10  / C 

THICKNESS: 

COMPOSITION: T i S i 2  p l u s  f r e e  S i  

AGING: 

TEST OR TREATMENT DATE AR TCR 
DUR I NG AT END 

TEST OF-JEST 
(FROM) (TO)  ( $ )  (10 /OC) 

A i r  B a k e :  
300 OC 5 h r s  1 1 / 1 / 6 6  +29 

TCR c y c l e  # 1  =30' to 125'C i n  A i r  +0.09 ( B e f o r e  B a k e )  

1 2 5  OC A i r  S t o r a g e  F o r  1000 H o u r s  +O. 3 5  

a -  
- 

e 

2 12 22 2 12 22 

DATE OF MEASUREMENT 

Figure 27. Resistance Aging a t  l 2 5 O C  i n  A i r  of a Typical TiSi 2 Film 
Post-Baked i n  A i r .  
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The r e s i s t i v e  parameters of the fi lms were d e f i n i t e i y  re la ted  ts t h e  

beam power during evaporation. 

Electron Beam Power 

The dependence was as follows: 

Avera e TCR 8 (W (microhm- em) (10- /"c) 
Average Spec i f ic  R e s i s t i v i t y  

2 t o  3 3,560 -4.4 

4 800 -3 
3 t o  3.5 1,150 -1.4 

Considering the  possible  d i s t i l l a t i o n  e f f e c t s  and the f i lm  ana lys is  by 

e l ec t ron  d i f f r ac t ion ,  it i s  believed tha.t 

at t h e  highest  beam power had the highest  

with respec t  t o  the  s i l i con ;  on the  other 

a t  lower evaporant temperatures, t i tanium 

the CrSi2 + TiSi 2 
content of chromium and t i tanium 

hand, i n  the  f i r s t  two deposit ions 

was probably evaporated i n  considerably 

f i lms deposited 

less proport ions with respect  t o  the other components of the  evaporant. 

Af te r  deposi t ion and i n i t i a l  measurements, two specimens, CrSi2 + TiSi2 

-6 and 8, were baked i n  a i r  at 300°C for  4 1/2 hours; subsequent t o  thS.s pro- 

t e c t i v e  measure, they were s tored  i n  the 125°C aging ovens f o r  s t a b i l i t y  s t u d i e s .  

One specimen, CrSi2 + TiSi2 -9, was placed on aging without taking any pro- 

t e c t i v e  measures. 

t e c t e d  and post-baked films was small indeed. 

A s  indicated i n  Figures 28 and 29, aging of both the  unpro- 

6.10 C h r o m i u m  S i l ic ide-Si l icon  Boride Films. Three r e s i s t o r s  were 

fabr ica ted  by evaporating a mixture of CrSi2 and B4Si powders. 

w a s  2 p a r t s  by mass of CrSi2 and one pa r t  B4Si. 

sublimation temperatures with an e lec t ron  beam a t  a beam power of 1/4 t o  1 KW. 

Due t o  excessive s p i t t i n g  of the  B4Si component the  temperature could not be 

increased t o  form a melt of the powders. Other f ab r i ca t ion  d e t a i l s  a re  l i s t e d  

i n  Table I .  + B4Si - 1, 2, and 3) deposited during 

t h i s  evaporation had an average TCR of -2500 ppm/"C with an average r e s i s t i v i t y  

of 93,600 microhm-cm. 

The mixture 

The charge was heated t o  

The three  r e s i s t o r s  (CrSi 2 

Because of the  s p i t t i n g  of t he  B4Si component i n  the  above charge, a 

d i f f e r e n t  approach was t r i e d  f o r  melting the two compounds toge ther .  A quant i ty  

of CrSi 

The CrSi2 was then melted by d i r ec t ing  the  beam t o  the slug; however, the  melted 

CrSi2 remained as a ba.11 of l i qu id  on top  of the B4Si powder, and wet t ing of 

powder was pre-melted and the s lug  was placed on a bed of BqSi powder. 2 



t he  B4Si powder could not be obtained i n  t h i s  manner. S t r ay  por t ions  of t h e  

e l ec t ron  beam caused some s p i t t i n g  of t he  B4Si. CrSi2 + B4Si - 4, 5, and 6, 
were deposited i n  t h i s  ma.nner. It appeared t h a t  very l i t t l e  i f  any, of t he  

BqSi was evaporated, and it can be seen i n  Table I t h a t  t he  r e s i s t i v e  param- 

e t e r s  of the f i lms were e s s e n t i a l l y  equal  t o  those obtained f o r  t h e  CrSi2 

s e r i e s .  

N o  f u r t h e r  attempts were made t o  evaporate CrSi + B4Si mixtures be- 

It may be possible  t o  obta in  a 

2 
cause of the unsuccessful e f f o r t s  t o  obta in  a common m e l t  of t he  compounds and 

the excessive s p i t t i n g  of the  B4Si powders. 

common m e l t  by reducing considerably the  proport ion of B S i  i n  a powder mixture 

of t he  mater ia l s .  
4 

Two f i lms of the  f i r s t  s e r i e s  were se lec ted  f o r  aging s tud ie s  at l 2 5 ' C  
i n  a i r .  One wa.s placed on aging without any add i t iona l  pro tec t ive  measures 

and the other one was baked a t  300°C i n  air p r i o r  t o  aging. 

During 1000 hours of aging at l25"C, t h e  unprotected f i lm  and post-  

Two unprotected f i lms were deposi t ion baked f i lm  aged about equal ly  w e l l .  

s tudied during the  extended aging. One increa.sed i n  r e s i s t ance  by 1 percent 

and the other decreased i n  r e s i s t ance  by 2 percent .  The f i lm  baked i n  a i r  a t  

300°C f o r  4 1/2 hours p r i o r  t o  aging s tud ie s  increased i n  r e s i s t ance  by 1 

percent .  Thus, f o r  similar treatment t he  higher r e s i s t i v i t y  f i lms  of t h i s  

s e r i e s  aged s l i g h t l y  more than d id  the  lower r e s i s t i v i t y  f i lms of the  pre- 

viously discussed CrSi2, TiSi2, and C r S i  + TiSi  s e r i e s .  The extended aging 

a t  1 2 5 ° C  of t he  CrSi2 + B4Si species  i s  represented i n  Figures 30 and 31. 
2 2 

6.11 Comments on the  S i l i c i d e  S e r i e s .  It i s  i n t e r e s t i n g  t o  compare 

fi lms of the CrSi 

s i l i c i d e  s e r i e s .  A f i lm  composition of C r  S i  was obtained f o r  CrSi evaporated 

from tungsten boats  a t  temperatures of about 1 3 5 O o C ,  and a s t rong  chromium 

composition was obtained f o r  CrSi evaporated from the  m e l t  by an e l ec t ron  

beam at  2 . 6  KW. On the other hand, a f i l m  composition of CrSi was obtained 

fo r  the  f i r s t  deposi t ion of CrSi 

Hence,it may be seen t h a t  the  addi t ion  of T i S i 2  t o  t he  CrSi2  r e su l t ed  i n  a 

product which w a s  composed l a rge ly  of CrSi2  i n  s p i t e  of the  high source 

tempera.ture . 

+ T i S i 2  s e r i e s  with the  chromium s i l i c i d e  s e r i e s  and t i t a n i u m  
2 

3 2 

2 

2 
+ TiSi2 at a.n average beam power of 2 . 5  KW. 2 



SPECIMEN: C r S i 2  + T i S i 2  -9 

R-FILM FABRICATION DATE: 1 1 / 2 8 / 6 6  

PROTECTIVE MECHANISM: None 

DATE: 

PARAMETERS : 

I N I T I A L  RESISTANCE: 5 6 3  ohms 

R E S I S T I V I T Y :  R / s q  = 5 6 . 3  ohms 

p = =800 m i c r o h m  - cm 
-4 0 I N I T I A L  TCR: - 2 . 8 6  X 10 / C 

TH I CKNESS : 

COMPOSITION: 

AG I NG: 

TEST OR TREATMENT 

TCR c y c l e  # 1  

125 OC A i r  S t o r a g e  

DATE AR TCR 
DUR I NG AT ENC 

-4 0 

TEST OF TEST 

(FROM) (TO)  ( $ 1  (10 / C )  

1-30' t o  125OC i n  -0.18 
A I R  

F o r  1000 h o u r s  -0.1 

( R e f e r e n c e  p o i n t  i s  V a l .  b e f o r e  TCR c y c l e )  

29 9 19 29 8 18 

NOVEMBER DECEMBER JANUARY 

DATE OF MEASUREMENT 

Figure 28 .  Resistance Aging a t  125OC i n  A i r  of a Typical Unprotected 
CrSi + T i S i  Film. 2 2 



SPECIMEN: C r S i 2  + T i S i 2  -8 

R-FILM FABRICATION DATE: 1 1 / 2 8 / 6 6  

PROTECTIVE MECHANISM: A i r  B a k e  

DATE : 

PARAMETERS: 

I N I T I A L  RESISTANCE: 5 9 8  ohms 

R E S I S T I V I T Y :  R / s q  = 59.8 ohms 

p ==800 m i c r o h m  - cm 
-4 0 

I N I T I A L  TCR: - 3 . 1  X 10 / C 

TH I CKNESS : 

COMPOS I T I ON : 

AG I NG: 

TEST OR TREATMENT DATE AR TCR 
DUR I NG AT END 

TEST OF TEST 
-4 0 

(FROM) (TO)  (%I (10 / C) 

A i r  B a k e :  
300 OC 4$ h r s  1 1 / 2 9 / 6 6  - 2 . 2 9  

TCR c y c l e  #1  - 3 0 '  t o  125OC i n  - 0 . 1 7  ( B e f o r e  B a k e )  
A I R  

+4 - 
+O. 3 

- 
€7.2 125 OC A i r  S t o r a g e  F o r  1000 h o u r s  
v 

W 

2 

w +2 

4 
I 
0 

0 z 
Q 
l- 
Lo 
m 
w 
LT - 

- 

- 

- 
0- 

- I I 
29 9 19 2 9  8 18 

NOVEMBER DECEMBER JANUARY 

DATE OF MEASUREMENT 

Figure 29. Res i s t ance  Aging a t  125OC i n  A i r  of a Typ ica l  
CrSi2 + TiS i2  Film Post-Baked i n  A i r .  
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I n  addi t ion,  the general ly  higher film r e s i s t i v i t y  of the CrSi2 + TiSi2 

mixture may be observed i n  the  da t a .  

V, t h e  r e s i s t i v i t y  of the  CrSi2 s e r i e s  was 1,600 microhm-em at  a TCR of 

-4.4 x 10 

of t he  films of the CrSi2 + TiSi 

r e s i s t i v i t y  of the TiSi2 s e r i e s  at t h i s  TCR i s  about 800 microhm-em (a  pro- 

For instance,  from Figure 2 1  and Table 

-4 
/ "C;  hence, the  l a t t e r  r e s i s t i v i t y  i s  s l i g h t l y  l e s s  than ha l f  t h a t  

s e r i e s  f o r  the  same value of TCR. The 2 

j ec t ed  value of Figure 21)  compared t o  about 3600 microhm-em f o r  the CrSi2 + 
TiSi2. 

The evaporation methods and r e l a t i v e  ease of evaporating CrSi CrS i2  + 2' 
TiSi2, and TiSi can be prof i tab ly  compared. C r S i  and TiSi were r ead i ly  

2 2 2 
sublimated from tungsten boats at temperatures s l i g h t l y  below t h e i r  respect ive 

melting poin ts  of 1425°C and M 1500°C. 

t h a t  t he  TCR and r e s i s t i v i t y  values were dependent on boat temperature. Attempts 

t o  evaporate CrSi2 and TiSi2 a t  or above t h e i r  respect ive melting points  from 

tungsten boats were not successful .  Upon melting, the  C r S i  quickly reacted 

with the  boat and destroyed i t .  A s  the melting point  of the TiSi was a.p- 

proached, excessive s p i t t i n g  of the powder occurred. 

T i S i  

beam gun, and again it was evident t ha t  composition, TCR, and r e s i s t i v i t y  were 

dependent on the evaporant temperature. 

at or above t h e i r  melting points ,  it was assumed t h a t  the same th ing  would 

occur with CrSi + T i S i 2 .  

of TiSi it could not be evaporated readi ly  with the e lec t ron  beam gun. 

From these evaporations it  was apparent 

2 

2 
Both CrSi2 and CrSi2 + 

were evaporated from melts of the respect ive charges with the  e l ec t ron  2 

Since CrSi2 destroyed tungsten boats 

Because of excessive s p i t t i n g  of powdered charges 2 

2' 
Though only a few deposit ions were made f o r  each of the  mater ia ls ,  it 

was evident t h a t  reproducib i l i ty  of r e s i s t i v e  parameters can be maintained by 

cont ro l l ing  the evaporant and substrate  temperatures during deposi t ion.  

A minimum subs t ra te  temperature of 400°C i s  recommended f o r  a l l  th ree  

ma te r i a l s .  To evaporate C r S i  e i t he r  a tungsten boat or e lec t ron  beam can 

be used t o  produce fi lms with TCR values ranging from -800 ppm/"C t o  +2GO 

ppm/"C. 
ppm/"C t o  -100 ppm/"C, e lec t ron  beam evaporations are  recommended. 

boat i s  sa t i s f ac to ry  f o r  sublimati-ng T i S i  t o  fabr ica . te  f i lm  r e s i s t o r s  with 

TCR values i n  the range of -5,000 ppm/"C t o  -500 ppm/"C. 

films prepared from e i t h e r  of the  materials was much higher than t h a t  which 

2' 

To obtain CrSi2  + TiSi films with TCR values i n  the range of -500 2 
A tungsten 

2 
The r e s i s t i v i t y  of 
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can be obtained from elemental metal films. Another va r i ab le  i n  the  evaporation 

of CrSi2  + TiSi2 t h a t  w i l l  a f f ec t  t he  r e s i s t i v e  parameters of t he  f i lms  i s  

t h e  mass r a t i o  of t he  cons t i tuent  compounds i n  the  powdered mixture.  This 

r a . t i o  was not i n t en t iona l ly  var ied  during t h i s  research .  

The aging of t he  CrSi + TiSi was very low, being qu i t e  similar t o  2 2 
the  CrSi2 s e r i e s .  

i n  Table 11. Aging at l25"C i s  summarized i n  Table 111. The higher r e s i s -  

t i v i t y  of the chromium s i l i c ide - t i t an ium s i l i c i d e  mixture leads t o  a preference 

of t h i s  mater ia l  over CrSi2 or TiSi 

7 .  Films of Niobium and T i t a n i u m  Ni t r ide  

The summary of aging during post-deposit ion baking appears 

f o r  r e s i s t o r  appl ica t ion ,  see Table V .  2 

A few f i lms  of niobium n i t r i d e  and of t i t an ium n i t r i d e  were prepared. 

The preparation d e t a i l s  and parameters of t he  films are  given i n  Table I 

(Appendix). 

2900 t o  6600 microhm-em a.nd TCR values of -360 t o  -570 x 1 0 - 6 / o C .  

ma te r i a l  destroyed the tanta.lum boat i n  only a few evaporations.  

The f i lms  of niobium n i t r i d e  gave r e s i s t i v i t i e s  i n  the  range 

The molten 

Nine fi lms of tita.nium n i t r i d e  were prepared. The m a x i m u m  r e s i s t i v i t y  
-6 obtained was about 2070 microhm-em with a negative TCR of -740 x 10 

The d a t a  obtained a.re p lo t t ed  i n  Figure 3 2 .  It i s  evident t h a t  ne i the r  of 

these  materials compare we l l  as r e s i s t i v e  mater ia l s  with some of t he  previously 

discussed ones such as C r  + S i O .  

8 .  Film Aging Studies 

/ " C .  

A s  noted i n  Section I1 A 3, fi lms were subjected t o  c e r t a i n  annealing, 

pass iva t ing ,  or  overcoating technique i n  order t o  improve t h e i r  aging p r o p e r t i e s .  

The e f f e c t s  of post-deposition baking on the  r e s i s t i v e  parameters axe shown 

i n  Table I1 A of t he  Appendix and axe summarized i n  Table 11. As discussed 

i n  Section I1 A 4, t he  r e s i s t ance  parameters of s e l ec t ed  r e s i s t o r s  were mon- 

i t o r e d  during extended periods of storage i n  a i r  at l25"C, a.nd the  r e s u l t a n t  

d a t a  were recorded, ta.bulated and analyzed. A change i n  r e s i s t ance  of l e s s  

than 1 percent a f t e r  1000 hours was considered e x c e l l e n t .  A few films pre- 

pared e a r l y  i n  the  program were aged a t  l25"C f o r  only a few hours, and dur- 

ing TCR measurements a l l  specimens were cycled t o  2 5 ° C  i n  a i r .  

l25"C i n  air  i s  summarized i n  Table 111. 

The aging at 

I n  general, aging increased with increasing r e s i s t i v i t y  f o r  a given 

spec ies  of f i l m s .  For t h i s  reason, the  var ious ly  t r e a t e d  mater ia l s  can be 

b e s t  compared i n  Table I11 by considering common r e s i s t i v i t y  ranges. 



SPEClhlEN: C r S i  +B S 

K - c ,  ,-;,j :l,;w I w I i 'Jiu L;, 

PROT LCT I VE MECHAR I 9 4  : 

2 4  
~" - , . . I  .,.. - .  - 

D t J E :  

Fii i iA;.l iTE!?S: 

I N I T I  AL RES I STANCE: 

RES I S 7 I V I TY : R/  s q 

P 

I N I T I A L  TCR: - 2 5 . 2  

TH I CKNESS : 

COMPOS I T I ON : 

AG I NG : 

TEST OK TKEATMEirT 

I 

T ,  I /  

TCR c y c l e  # l  

- 
125 OC A i  r S t o r d o e  

l 1 , 4 4 E >  ohms 

= 1 , 1 4 5  Ohms 

= =93,000 m i c r o h m  - cm 

< 

I 1 

3 
F i g u r e  30.  Resistance Aging at 125 C in !,ir of a Typical Unprotected 

C r S i  + B Si F i l m .  2 4  
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SPECIMEN: C r S i 2  + B S i  -1 4 
R-FILM FABRICATION DATE: 1 1 / 2 3 / 6 6  

PROTECTIVE MECHANISM: A i r  Bake 

DATE: 

PARAMETERS: 

I N I T I A L  RESISTANCE: 15 ,471 ohms  

R E S I S T I V I T Y :  R / s q  = 1 ,547 ohms  

p = 1193,600 m i c r o h m  - cm 
-4 0 

I N I T I A L  TCR: -25 X 10 / C 

THICKNESS: 

COMPOSITION: 

AGING: 

TEST OR TREATMENT DATE AR TCR 
DUR I NG AT END 

TEST OF TEST 
-4  0 

(FROM) ( T O )  ( % )  ( 1 0  / C )  

A i r  Bake: 
300 OC 4; h r s  1 1 /29/66 +0.71  

TCR cycle # 1  230' t o  125OC i n  +O. 5 (Before Bake) 

1 2 5  OC A i  r S t o r a g e  For 1000 hours  +0.9 

A I R  

29 9 19 29 8 

NOVEMBER DECEMBER JANUARY 

DATE OF MEASUREMENT 

Figure 31. Resistance Aging a t  l25OC i n  A i r  o f  a Typical 
CrSi2 + B S i  Film Post-Baked i n  A i r .  4 



't; 

PEC IMENS : 

10 -10 -a 

IN-1A-A. T 
T iN-3A-A,  AND T i N - 3 6 - A  

SUBSTRATE: S o f t  G l a s s  ( M i c r o s c o p e  S l i d e )  

EVAPORATION: S u b s t r a t e  T e m p e r a t u r e  4 5 0  OC 
S o u r c e  - W B o a t  
P r e s s u r e  - I n i t i a l  was 5 X 10 T o r r ,  I n c r e a s e  

t o  1 X T o r r  d u r i n g  E v a p o r a t i o n  

350A0 t o  750A0  

-6 

FILM THICKNESS RANGE: 

-LLLLL -6 -4 -2 0 +2 

-IBIA. T I N .  A-A, TiN-2E 

Figure 32 .  Speci f ic  Res i s t iv i ty  vs  TCR o f  Evaporated Titanium 
Ni t r ide  Films. 
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The r e l a t i o n  between aging r a t e  and r e s i s t i v i t y  f o r  a given m a t e r i a l  i s  

b e s t  i l l u s t r a t e d  by Figures  33 and 34 f o r  chromium-silicon monoxide films i n  

unpassivated and p a s s i v a t e d  s t a t e s  and i n  Figure 35 f o r  films of manganese- 

s i l i c o n  monoxide i n  similar s t a t e s .  The s u p e r i o r i t y  of t h e  p a s s i v a t e d  C r  + 
S i 0  f i lms  above t h e  o t h e r  v a r i e t i e s  i s  remarkable and changes of only a few 

t e n t h s  of a pe rcen t  were noted f o r  films of 10 microhm-em af te r  1000 hours 

a t  l 2 5 O C .  Comparatively, t h e  Mn + S i 0  f i l m  changes were l a r g e  even a f t e r  t h e  

films were p r o t e c t e d  by an  ove r l aye r  o f  s i l i c o n  monoxide. 

4 

Aging o f  t h e  Boride and S i l i c i d e  films were d i scussed  i n  s e c t i o n  I1 B, 

Typical  changes i n  6 i n  t h e  r e s p e c t i v e  d i s c u s s i o n  f o r  each m a t e r i a l  s t u d i e d .  

r e s i s t a n c e  wi th  time a r e  shown i n  F igu res  22 through 31. O f  par t icu1a.r  i n t e r e s t ,  

was t h e  s i m i l a r i t y  of behavior  o f  t h e  CrSi  films during extended ag ing  t o  

t h a t  of C r  + S i 0  f i l m s .  With r e s p e c t  t o  aging, t h e  s i l i c i d e  films were, e s -  

s e n t i a l l y ,  as good as t h e  C r  + S i 0  films; t h a t  is, except  f o r  T i S i  where 

t h i s  w a s  t r u e  only a f t e r  post-baking.  With r e s p e c t  t o  t h e  s i l i c i d e s  and C r  + 
SiO, niobium b o r i d e  films aged p o o r l y .  

9 .  S t r u c t u r e s  of t h e  Films 

2 

2’ 

Se lec t ed  specimens of t h e  v a r i o u s  f i lms  were examined by e l e c t r o n  

d i f f r a c t i o n  and microscopy and by x-ray d i f f r a c t i o n .  E n t r i e s  have been made 

i n  Table I (Appendix) i n  t h e  column headed “composition1’ f o r  t h e  films exam- 

ined .  

For some m a t e r i a l s  it w i l l  be  observed t h a t  where a s i n g l e  compound was 

evaporated from t h e  source,  i t  was p a r t i a l l y  reduced and t h e  d i f f r a c t i o n  r i n g s  

o f  t h e  f r ee  me ta l  u s u a l l y  appear i n  t h e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n .  An 

extreme example of t h i s  occurred i n  t h e  case  o f  n i c k e l b o r i d e  r e s u l t i n g  i n  a 

specimen with low r e s i s t i v i t y  and a high p o s i t i v e  TCR. Here t h e  film specimen 

must have been e s s e n t i a l l y  t h e  metal ,  n i c k e l .  On t h e  o t h e r  hand, f o r  niobium 

b o r i d e  no c l e a r l y  de f ined  d i f f r a c t i o n  r i n g s  were obtained,  i n d i c a t i n g  t h e  

amorphous n a t u r e  of t he  compound which i s  a l s o  r e f l e c t e d  i n  t h e  high r e s i s -  

t i v i t i e s  and l a r g e  nega t ive  TCR v a l u e s  measured. Most m a t e r i a l s  f e l l  w i t h i n  

t h e s e  extremes and t h e  nea r  amorphous s t r u c t u r e s  o f  films wi th  d e s i r a b l e  e l e c -  

t r i c a l  p r o p e r t i e s  made d i f f r a c t i o n  p a t t e r n  i n t e r p r e t a t i o n  d i f f i c u l t  f o r  many 

o f  t h e  specimens prepared.  
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Where two components were evaporated simultaneously such as in the cases 

of the various metals co-deposited with silicon monoxide, a behavior generally 
similar to that for the case of single compounds was obtained with the addi- 

tional complexities added by the elements of the second compound. 

Investigations of films of A1 + SiO, Cu + SiO, Cr + Si0 and Mn + Si0 
exhibited behavior generally similar to those described for the single compound 
evaporation. An example of the electron diffraction pattern of a film, Mn + 
Si0 -QC, of low resistivity (1000 microhm-cm) and slightly positive TCR 

(+72 x 10 /"C), is shown in Figure 36 with a portion of its micrograph 
(19,480~) shown beside it. 
manganese and the micrograph displays particles randomly scattered through a 

more uniform interparticle matrix. The data for Mn + Si0 -2OC, a film of high 
resistivity (150,000 microhm-em) and a TCR of -l220 x 10 /"C displays a much 

more nearly amorphous pattern and a film of little texture as shown in Figure 

37. The diffraction pattern, however, did have discernible lines of CY manganese. 

-6 

The diffraction pattern exhibits the lines of CY 

-6 

Because of their relative importance a more detailed study of Cr + S i 0  

films was made by both electron and x-ray diffraction methods. 

may have within them S i ,  SiO, Si02, Cr, or Cr 0 
structures. Details of an investigation of these films by members of our 

Diffraction Laboratories are reported below. 

These films 
leading to very complex 2 3  

A l l  the specimens were investigated by reflection electron diffraction 

and by x-ray diffraction techniques. 
The obtained diffraction patterns consist - except for the chromium 

film - either of very weak or very weak and broad peaks. The error in the 
determination of the d-spacings is therefore probably high. It also seems 
that the experimental results can only be explained with the assumption of 

several chemical reactions during the evaporation process of the films. The 

reaction 
2 Si0 t Si + Si02 

is possible as well as the reactions 

2 Cr + 3 Si0 t Cr 0 + 3 Si 2 3  
and 

4 Cr + 3  Si0 ~2 Cr o + 3  si 3 2 3  
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The f o r m t i o n  o r  C r  0 i s  suggested by i t s  r c l a t i ~ e l y  high heat. nf formation 

of  about 266 kcal/mol (SiO: 103 kcal/mol, Si02(a-quartz) : 

f o r m t i o n  of C r  S i  and higher or  lower oxides of the chromium cannot be ex- 

cluded. For the  in t e rp re t a t ion  of  t he  experimental data,  however, only the  

r e l a t i v e l y  s t ab le  cozpounds Cr 0- and SiO,-(a-quartz) and necessar i ly  a l s o  C r ,  

S i  and S i 0  were considered. 

2 3  
201 kcal/mol) . The 

3 

2 5  c 
The r e s u l t s  are presented i n  Table I V .  

More r e l i a b l e  measurements of d-spacings would probably be obtained by 

For p rec i se  determinations by x-ray d i f -  transmission e l ec t ron  d i f f r ac t ion .  

f r a c t i o n  techniques th icker  deposi ts  would be des i rab le .  

Of t he  films examined, films C r  + S i 0  l 5 C  and 16c exhibi ted the more 
4 des i r ab le  e l e c t r i c a l  p roper t ies  of about 10 microhm-cm and a TCR not g rea t e r  

than _+ 200 ppm/"C f o r  a film a t  l e a s t  1000 angstroms th ick .  

t he  presence of C r ,  S i ,  C r  0 and S i 0  appeared possible  i n  both cases.  

For these f i lms 

2 3' 2 
It i s  evident t h a t  i n  the  r e s i s t i v i t y  and TCR ranges of i n t e r e s t  the  

near amorphous nature  of the f i lm in t e r f e re s  with s t ruc tu re  determination and 

the  discr iminat ion of the  d i f f r a c t i o n  methods i s  in su f f i c i en t  t o  p red ic t  re- 

s i s t i v i t y  except i n  the  general  zone t o  be expected, i . e . ,  low, intermediary 

or  high. S imi la r ly  f o r  TCX values predict ions of  s t rongly pos i t ive ,  near zero 

o r  highly negative could be expected. Although the methods lack  prec is ion  f o r  

t h i s  purpose compared t o  the e l e c t r i c a l  method, the  s t ruc tu res  observed var ied  

i n  accordance with the e l e c t r i c a l  propert ies  of the mater ia ls  exhibi ted i n  a 

manner t h a t  one would expect. Much more extensive and prec ise  d i f f r a c t i o n  

measurements undoubtedly would present an even b e t t e r  co r re l a t ion  of these 

two methods of measure. However, these fu r the r  inves t iga t ions  appeared of 

l i t t l e  b e n e f i t  t o  the  object ives  of the cur ren t  research.  

10. Analysis and Summary of Film Property Measurements 

The extensive number of films examined and the  l a rge  v a r i e t y  of f i lm 

materials s tudied presents  an extensive v a r i e t y  of data t o  be assembled, 

organized, and evaluated. I n  Tables I, I1 A, and 111, de ta i l ed  da ta  concern- 

ing a l l  films fabricated,  measured, and aged have been reported.  

of t he  Appendix, f i lm  fabr ica t ion  methods and parameters have been summarized. 

Along with the  da ta  reported i n  the  various preceding f igu res  c e r t a i n  con- 

c lusions have been formulated and these a r e  recorded he re ina f t e r .  

In  T,able V 



TABLE I V  

ELECTRON AND X-RAY DIFFRACTION ANALYSIS O F  C r  + Si0  F I N S  AND A 

COMPARISON OF THEIR E U C T X C f i  PARAMETERS 

A. X-ray and Electron Di f f r ac t ion  Information 

Sample Material  as  indicated by Mater ia l  as  ind ica ted  by 
r e f l e c t i o n  e lec t ron  d i f f r a c t i o n  x-ray d i f f r a c t i o n  

C r  

S i0  - 29 

S i0  - 32 

C r  + Si0 - 8 - C 

C r  + Si0  - 11 - C 

C r  + Si0  - 13 - C 

Cr + Si0 - 15 - C 

C r  + Si0 - 16 - c 
C r  + Si0 - 17 - C 

C r  "1 
S i  0 "1 

SiO, S i  or C r  0 
2 3  

Si02, S i  or  C r  0 
2 3  

Si02, C r  or  C r  0 
2 3  

C r ,  S i  or C r  0 

C r ,  possibly Cr 0 

C r ,  C r  0 

Si02 
2 3' 

2 3  
S i  or Si02 

2 3' 

C r  

5i0 
S i  or Si02  "*I 
Si02, Cr o r  C r  0 

Si02, S i  or C r  0 

SiO,  Si02 

Cr, C r  0 

2 3  

2 3  

S i  or Si02 
2 3' - 

C r ,  possibly C r  0 2 3  

*) 

**) 
M, 

Strong prefer red  o r i en ta t ion  with (111) as  f i b e r  ax is .  No o ther  
or ien ta t ion  present.  

See also: 

Modification assumed t o  be a a-quartz .  

Grube, G. and Speidel,  H.: Z. Elektrochemie 53.399 (1949). 

B. E l e c t r i c a l  Parameters 

TCR Specimen No.  Thickness Re s i  s t  i v i t y  
(Angstroms ) (micro-ohm em) (10-4/0c 

13 c 
8 c  

11 c 
17 c 
16 c 

814 
3552 
2204 

2280 

1580 

1630 

7.42 x 10' 
6 3.42 x 10 
5 2.77 x 10 
4 9.87 x 10 
4 
3 

1.7 x i o  
9.95 x 10 

-37.9 
-30.9 
-16.9 
- 8.04 

- 1.87 
- 1.01 
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- 'me foliowing s p ~ c l e ~  ai-? coiisidered ts b e  thc  most sutstsnfiing fer _ f i l m  

r e s i s t o r  app l i ca t ion  demanding low magnitude of TCR and high s t a b i l i t y .  

f o r  these  species,  baked i n  a i r ,  aged l e s s  than 1 percent i n  r e s i s t ance  vct2;e 

on t h e  1000 hours aging tes t s .  

Films 

Cr + S i 0  - high r e s i s t i v i t y - - b e t t e r  method of deposi t ion des i r ab le  

i n  order  t o  obtain uniform coat ings of pred ic tab le  

r e s i s t i v i t y .  

CrS i2 - O f  those invest igated - the  s i l i c i d e s  were the e a s i e s t  

CrSi + TiSi2 compounds t o  evaporate from a s ing le  source. Though a 2 
T i s  i2 s p e c i f i c  process f o r  producing f i lms with known char- 

a c t e r i s t i c s  was not developed, i n i t i a l  experience ind i -  

ca t e s  t h a t  control led deposi t ions a r e  possible  with l e s s  

d i f f i c u l t y  than with C r  + SiO. 

The films discussed subsequently show some promise as r e s i s t o r s .  

term aging and prefer red  methods of s t a b i l i z a t i o n  were not  determined. It was 

obvious from i n s t a b i l i t y  during TCR measurements t h a t  some form of passivat ion 

would be requi red .  

Lfong 

Zr-zirconium oxide - Very s l o w  deposi t ion ( < 100 i / s ec )  i n  the 

t o r r  range a t  subs t r a t e  temperatures of about 

450°C or by more r ap id  evaporations of Z r  i n  

oxygen a t  low pressures  produced high r e s i s -  

t i v i t y  f i lms.  Oxidation by the  l a t t e r  method 

was d i f f i c u l t  t o  cont ro l .  It appeared t h a t  

s ign i f i can t  oxidation occurs i n  the lower 10 

range f o r  a l l  species  evaporated i n  0 and t h a t  

the  range of pressures  f o r  c o n t r o l l a b i l i t y  i s  

r a the r  small .  Around 5 x 10 t o r r  t he re  

appeared t o  be an avalanche reac t ion  r a t e  and 

films were near ly  completely oxidized. To 

obta in  high r e s i s t i v i t y  f i lms i n  the 10 microhm- 

cm range, the avalanche conditions had t o  be 

approached too c lose ly  f o r  r e l i a b l e  r e s u l t s .  

Unprotected f i lms aged r a the r  poorly during TCR 

-4 

2 

-4 

4 



Z r  O2 

measurements and a f t e r  4 t o  7 hours a t  1 2 5 ° C .  
Some of t h i s  poor performance can be a t t r i b u t e d  

t o  the  f i lms being very th in ,  wel l  below a 

des i rab le  thickness  of 500 A .  
Highest r e s i s t i v i t y  obtained f o r  any species  a t  

small negative TCR values of about - 500 ppm/OC. 

Aged poorly during TCR measurements even though 

fi lms were th i ck .  

Poor aging during TCR measurements ind ica tes  t h a t  films of Z r  and Z r O  

do not  form an oxide l aye r  t h a t  i s  as pro tec t ive  t o  the  mater ia l  as do f i lms 

with S i  or S i 0  components. Thus, possible  improved pro tec t ion  may be r e a l i z e d  

by overcoating the Z r - Z r 0 2  specimens with SiO. 

2 

2 

Properties not inves t iga ted  but  which need t o  be t o  determined i n  order 

t o  def ine the f u l l  u t i l i t y  of the  f i lms inves t iga ted  as r e s i s t o r s  a r e :  

Noise cha rac t e r i s t i c s ,  

Thermoelectric propert ies ,  

Light s ens it i v i  t y  , 
Voltage coe f f i c i en t s  or  s ens it i v  i t y  , 
Pressure s e n s i t i v i t y ,  and 

Aging c h a r a c t e r i s t i c s  under load.  

11. Experiments t o  Increase Film Uniformity and Control 

11.1 Introduction: One of the p r inc ipa l  problems i n  production of 

r e s i s t i v e  elements i n  a c i r c u i t  i s  uniform thj-ckness deposit ion and a uniform 

composition of a compound film over a desired subs t ra te  a rea  such as 2" x 2". 

Since one of the most des i rab le  compounds s tudied w a s  one requi r ing  the  dual 

evaporation of chromium and s i l i c o n  monoxide a t  cont ro l led  r a t e s  and t o  a 

des i red  r e s i s t i v i t y ,  sources f o r  the deposi t ion of t h i s  compound were s tudied 

i n  some d e t a i l  and a r e  described f u l l y  i n  the subsequent paragraphs. 

11.2 Dual Source f o r  Evaporating C r  and SiO: The chromium-silicon 

monoxide cermet f i lms were exce l len t  from the standpoints of s t a b i l i t y  and 

high r e s i s t i v i t y  a t  low magnitude of TCR. 

f i l m s  a t  pre-selected r e s i s t i v i t y  or TCR values i n  successive batch quan t i t i e s  

w a s  exceedingly d i f f i c u l t .  This d i f f i c u l t y  was encountered p a r t i c u l a r l y  i n  

the  evaporation of the  mater ia ls  from a common g ra in  box source, R .  D .  Mathis 

However, the a b i l i t y  t o  f ab r i ca t e  



t o e  ME-1. 
powders w a s  a l s o  considered unsa t i s fac tory  as a production process.  Hence, 

a t t e n t i o n  was d i r ec t ed  toward designing an evaporation source f o r  r e l i a b l y  

producing r e s i s t o r s  of t h i s  species .  It was des i rab le  t h a t  such a source 

provide t h e  following: 

From pas t  experience, the  technique of f l a s h  evaporating mixed 

(1) Uniform mixing of t he  vapors of t he  two materials before  or  upon 

a r r iva l  a t  the  subs t ra te  surface, 

Controlled proport ional  mixing of  the C r  and S i 0  vapors, 

Uniform deposi ts  over a r e l a t i v e l y  l a rge  subs t r a t e  a rea  of a t  

l e a s t  2" x 2", 

Large capaci ty  o r  r e l a t i v e l y  constant emission c h a r a c t e r i s t i c s  

f o r  long t e r m  appl ica t ion  i n  successive batch deposit ions,  and 

Simple operat  ion and economical. 

( 2 )  

( 3 )  

(4) 

( 5) 
Although desirable ,  a common source design meeting the general  requi re -  

ments was not  conceived a t  t h i s  time; the primary l imi t a t ion  w a s  the  l a rge  

d i f fe rence  between the  vapor pressures  o f  C r  and SiO. 

i n i t i a l  method w a s  considered worthwhile, so  a dual  design was considered. 

Any improvement on the 

A source o ther  than the  u x a l  tantalum g ra in  box source for evaporating 

S i 0  w a s  des i red .  Graphite cloth+ was t e s t ed  and found s a t i s f a c t o r y  f o r  S i0  

but  no t  f o r  chromium. I n  these tes t s ,  separate  evaporations i n  high vacuum 

of chromium and S i 0  from and through densely woven graphi te  c lo th  were made. 

The respec t ive  mater ia l s  were wrapped within the  c lo th  i n  such a manner t h a t  

they were completely enclosed. The c lo th  was e l e c t r i c a l l y  terminated and was 

heated t o  the  des i red  temperature by the passage of cur ren t .  Due t o  reac t ion  

with chromium the c l o t h  w a s  unsat isfactory as a source material. On the  other  

hand, it proved t o  be qui te  s a t i s f ac to ry  f o r  the evaporation of SiO. No 

adverse r eac t ion  between the  S i 0  and carbon was detected from a v i s u a l  i n -  

spect ion of unevaporated S i 0  and the  c lo th ;  however, s i l i c o n  atoms r e s u l t i n g  

from any d isassoc ia t ion  of the  evaporant a t  the  source may r eac t  with the  

graphi te  c lo th  and remain on the  source as the  l e s s  v o l a t i l e  compound s i l i c o n  

carbide.  
11 

3k The use of graphi te  c lo th  as a heater f o r  evaporants, p a r t i c u l a r l y  SiO, 

or ig ina ted  a t  Georgia Tech on another project ,  Contract No. NAS~-20577. 
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The Si0 films deposited in this manner exhibited the usual brownish 
color and possessed good dielectric qualities. 
double layer of the cloth prevented the spitting usually associated with the 
evaporation of SiO. 
per square and requires a relatively low current compared to commonly used 

metal filament sources for a given source temperature. The material thus has 

several advantages over the commonly used tantalum chimney and box sources 
for the evaporation of SiO. 

Wrapping the Si0 within a 

The graphite cloth has a resistivity of about 1/2 ohms 

Chromium can be evaporated quite satisfactorily from tungsten boats, 

so a design employing two parallel tungsten boats along side a planar graphite 
source was selected. 

centered between but slightly below the boats with respect to the substrate. 

The arrangement and geometry of the sources are illustrated in Figure 38. 
Si0 source was loaded with 20 grams of Si0 particles ranging from 10 mesh to 

pea size. 
the chromium sources for a total load of 9 grams.. Evaporations were made with 
the source 'h" to substrate geometry of Figure 39. 
two chromium sources were operated in parallel at a total current of 220 

amperes and the Si0 source at 55 amperes in order to obtain film resistivities 
of about 10,000 microhm-cm. Intense heat radiation f r o m  the sources caused 
considerable degassing in the vacuum chamber. As a result of this and the 

low pumping capacity of vacuum system "C", evaporations were made in the 1 x 
10 torr range. Considerable oxidation of both the chromium and silicon 
monoxide can occur in the 1 x 10 torr range. This is particularly true for 
pressures exceeding 5 x 10 (Essentially complete oxidation of Si0 
and Cr occurred in pressures of oxygen greater than 7 x 10 torr in other 
phases of the program.) 
range for the total deposition period of 10 minutes it was necessary to 

interrupt the evaporation for pumping intervals and two to three successive 
deposition cycles were required. Before deposition of the resistive films, 
the source was operated with the substrate shutter closed to aid in degassing 
the vacuum chamber. During these periods the pressure increased to the upper 

limit of the l x  10 torr range. At the higher pressures some oxidation of 
the graphite cloth occurred, and its electrical resistance gradually increased 

The graphite cloth source was 1.5" x 1.5" area, and 

The 

Approximately 4.5 grams of chromium pellets were placed in each of 

During evaporations the 

-4 
-4 

torr. -4 
-4 

To maintain the pressure in the lower half of this 

-4 



TUNGSTEN BOAT, R.D. 
S-27, .005 W, EACH 
WITH 14.5 GRAMS OF 
3-4.5 mm 

\ 
MATHIS TYPE T 

I' 
SOURCE LOADED 1 1/2 
C r  GRANULES OF 

\ 
\ 

T 
1 

1, TOP VIEW 

GRAPHITE CLOTH TAPE SOURCE, DOUBLE 
LAYER, UNION CARBIDE GRADE WCB. 
I 1 /2 X 1 1/2 X 1/4 C A V I T Y  HOLDS 
APPROXIMATELY 20 GRAMS OF Si0 
PARTICLES, 10 MESH TO PEA S I Z E  

Mo R A D I A T I O N  
SH I ELD 

END V I  EW 

(Dimensions a r e  in Inches) 

Figure 38. Experimental Dual Source for Co-Evaporation of Cr and SiO. 
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~ i t h  the. 

contributed to an increase in resistance, as well. The reaction with chromium 

vapor from the chromium sources is less likely. A contact metal transmission 

mask was placed in front of the substrate to form 6 resistors on each substrate 
simultaneously. The substrate dimensions were 2" x 2" x l/32". 
the resistors on the substrate are shown in Figure 40. Measurements of resis- 
tance, TCR, and thickness were made to determine uniformity of characteristics 
over an area corresponding to an average maximum radius of 3/4" with respect 
to the center of the substrate. 

STlicon monoxide vapor reaction with the graphite source probably 

Locations of 

8 The resistivity of the specimens ranged from 6 x lo3 to 1.7 x 10 
microhm-em. TCR values for a given resistivity were in general agreement with 
those of Figure 16 obtained with the grain box source. The resistivities were 
calculated from the R/sq and thickness values of each film. The thickness for 
each resistor was determined by taking the average value of measurements made 
at two positions on the film; these were made on opposite edges near the mid- 
point of each resistor. The mid-points of resistors 2 and 3, M and 5, and 1 
and 4 are located at a substrate radius of 0.25", 0.56",  and 0.75", respectively. 
Average thickness and resistivity values were obtained for each radius by 

calculating the mean values of respective resistor pairs. The thickness 

variation of Cr + Si0 films on two substrates are shown in Figure 41-b. 
were normalized for a value of 1 at a radius of 0.25". 

specimen No. 6 increased 61 percent at a radius of 3/4" with respect to the 
projected value of a film at the y intercept, or zero radius. This specimen 
showed the greatest variation in both thickness and resistivity. 
8 had the least variation in thickness and resistivity. 
of other specimens lay between the limits of specimens No. 6 and No. 8. 
resistivity values increased in a similar manner across the substrate, it was 
suspected that Si0 enrichment of the composite film occurred with increasing 

radius. To determine if this were true, separate evaporations were made with 
the chromium and Si0 sources. For the chromium deposition, each resistor 

element lay in the thickness range 2030 2 30 A .  

measurements the chromium film was uniform. Two Si0 specimens were deposited. 

One was deposited with the chromium sources energized but empty to simulate 

Values 
The thickness of 

Specimen No. 
Corresponding values 

Since 

0 

Hence within the accuracy of 
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the  condi t ions for deposi t ing the composite films; the oiner syeciiiieii a s  
deposi ted with the  chromium source o f f .  The thickness  va r i a t ion  of these f i h s  

are shown i n  Figure 41-a. 
r e spec t  t o  the  r ad ius ;  however, t h a t  of the f i lm  deposited with the  chromium 

source on increase6 t o  a g rea t e r  ex ten t  and more rap id ly  with incrasing r ad ius .  

The thickness of both f i ims increases  posit ively- with 

S i 0  deposit ions were made with a S i0  source similar t o  t h a t  of source 
1 1  I 1  A o f  Figure 39 bu t  with a source t o  subs t ra te  geometry as indicated i n  source 

B of Figure 39. I n  the source "B" arrangement, every poin t  of the subs t r a t e  
~ 

11 11 

i s  not  i n  l i n e  of s i g h t  with every point  of the source due t o  stopping e f f e c t  

of the  ape r tu re ;  a l so ,  the  subs t ra te  t o  source dis tance was l e s s .  With source 
"B", 

with increasing subs t r a t e  radius  per  Figure 42. 
as a s top  between the  source and subs t ra te  and the  source t o  subs t ra te  dis tance 

a r e  q u i t e  evident by comparing the  resui ts  i n  Figures 41-a and 42. 

a f i l m  thickness d i s t r i b u t i o n  was obtained t h a t  decreased i n  thickness 

Thus e f f e c t s  of the aper ture  

A s top  with a square aper ture  measuring 1" x 1" w a s  i n s t a l l e d  between P 

t he  graphi te  source and the  chromium source of source "A" of  Figure 39 t o  

study i t s  e f f e c t s  of f i l m  uniformity. The source t o  subs t ra te  geometry and 

s top  loca t ion  a r e  sketched i n  Figure 43. 
f i l m  thickness  and r e s i s t i v i t y  were determined as previously discussed. 

Effects of the s top  on uniformity o f  

Average thickness va r i a t ion  obtained f o r  S i0  f i lms deposited with the  

stopped source i s  shown i n  Figure 44-a. 
10 percent  fo r  a zero t o  0.75 inches radius i s  much smaller than the  increase 

of 17 t o  60 percent obtained f o r  the source operated without a s top .  

d e f i n i t e  improvement i n  S i0  thickness  uniformity cont ro l  was obtained with the 

The increase i n  thickness of about 

Hence, 

s top ,  
Co-deposition of  C r  and S i 0  were made with the  stopped source.  The 

lower curve of Figure 44-b shows the averaged v a r i a t i o n  i n  thickness obtained 

for these  films. 

41-b, it can be seen t h a t  the decreasing thickness  with increasing raSiius above 

0.56 inches was i n  opposite sense t o  That obtained f o r  the  source operated 

without a s top .  This r e su l t ed  i n  a lower ove ra l l  thickness v a r i a t i o n  f o r  the 

stopped source,  The upper curve of Figure 44-b was the  corresponding avers@ 

v a r i a t i o n  i n  r e s i s t ance  with radius  of r e s i s t ance  values of the s i x  r c s i s t o r s  

Comparing t h i s  curve with t h a t  of specimen No. 8 of Figure 
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Figure 42. Uniformity of Si0 Films with a Stop Between t h e  Subs t ra te  
and Source. 
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Figure 43. Source "A" t o  Subs t ra te  Geometry with Stop. 
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on four  d i f f e ren t  subs t r a t e s .  

magnitude; both small  pos i t i ve  and small negative values occurred on each 

subs t r a t e  within the  range of f 100 ppm/degree Centigrade; furthermore, t he  

TCR values sh i f ted  i n  the  negative sense with increasing r ad ius .  Thickness 

measurements indicated t h a t  the  r e s i s t i v i t y  v a r i a t i o n  was not  due s o l e l y  t o  

v a r i a t i o n  i n  S i 0  concentrat ion.  Hence, it appreared t h a t  major f a c t o r s  i n  

addi t ion  t o  va r i a t ions  i n  S i 0  concentration were cont r ibu t ing  t o  va r i a t ions  

i n  r e s i s t i v i t y  over the  subs t r a t e  sur face .  

TCR values of these  f i lms  were qu i t e  l a w  i n  

Thickness of C r  deposi ts  were uniform wi th in  the  accuracy of thickness  

measurements, ye t ,  the  r e s i s t i v i t y  of C r  films increased with rad ius  s i m i l a r l y  t 

t o  the  C r  + S i 0  films. As  a. r e s u l t ,  non-uniform heat ing of the subs t r a t e  dur- 

ing deposit ion was suspected as having a primary influence on uniformity of resis- 

t i v i t y  and TCR va lues .  To determine the  s ign i f icance  of non-uniform hea t ing  

on uniformity of e l e c t r i c a l  cha , r ac t e r i s t i c s  over t he  subs t ra te  surface,  measure- 

ments of resista.nce va.lues were ma.de of chromium f i l m  r e s i s t o r s  deposited on 

room temperature substrates;  subs t ra tes  heated with a. gra.phite c lo th  source, -)c 

see Figure 4, t o  a reference tempera.ture of 400°C; and subs t ra tes  heated t o  a 

temperature corresponding t o  a temperature of 300 t o  350°C of an aluminum p l a t e  

i n  d i r e c t  contact with the  subs t r a t e .  I n  the  l a t t e r  case, t he  aluminum p l a t e  

was heated with the  graphi te  c l o t h  source and the tempera.ture of the  aluminum 

p l a t e  was determined from a thermocouple clamped t o  the  aluminum p l a t e  with a 

screw. The aluminum p l a t e  was equal  i n  length and width t o  the  subs t r a t e  and 

was 1/8 inches th i ck .  

With the  C r  sources spaced 1-3/4 inches apar t ,  C r  deposi ts  were made 

at each of the three subs t r a t e  heat ing condi t ions;  these r e s u l t s  a.re shown i n  

Figure 45. 
graphi te  c lo th  source t o  the  reference temperature of 400°C; t h i s  corresponds 

t o  the subs t ra te  heat ing used on the  specimens of Figures 41 & 44. 
tance va r i a t ion  shown i n  Figure 45 i s  s i m i l a r  t o  t h a t  obtained f o r  the  C r  + 
S i 0  f i lms i n  Figure 44-b. 

For Specimen N o .  E t he  subs t r a t e  was heated with the  regular  

The r e s i s -  

The corresponding average thickness va r i a t ion  

Yr 
The graphite c lo th  subs t ra te  hea.ter was used as the  substra-te hea ter  f o r  the  

C r  + S i 0  and Mn + S i 0  film r e s i s t o r s  fabr ica ted  e a r l y  i n  the  program t o  determine 

the  r e s i s t i v i t y  versus TCR chara ,c te r i s t ics  of Figures 16 and 19. 
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obtained for specimen N o .  12 i s  a l s o  shown i n  Figure 45; the  10 percent  var -  

i a t i o n  i s  within the e r r o r  of measurements, and it cannot be s a i d  d e f i n i t e l y  

t h a t  the point a t  a radius  of 0.25 inch i s  a c t u a l l y  th icker  than the  other  

measured values.  It i s  qu i t e  evident,  however, t h a t  a la rge  part of the var -  

i a t i o n  i n  r e s i s t i v i t y  i s  independent of v a r i a t i o n  i n  f i l m  thickness .  The r e -  

maining p l o t s  o f  Figure 45 c l e a r l y  show t h a t  non-uniform heating of the sub- 

s t r a t e  i s  a primary f ac to r  contr ibut ing t o  the  v a r i a t i o n  i n  r e s i s t i v i t y  of 

chromium r e s i s t o r s  over a given subs t r a t e  surface.  The lowest v a r i a t i o n  i n  

the averaged r e s i s t ance  of * 2 percent was obtained f o r  the  subs t r a t e s  heated 

with the  aluminum p l a t e ;  whereas, the maximum v a r i a t i o n  from the mean value of 

r e s i s t ance  of the s ix  r e s i s t o r s  on each of these two subs t ra tes  were 2 6.6 
percent and 2 3.8 percent, respec t ive ly .  For those subs t ra tes  heated with 

aluminum p la t e  it appears t h a t  the temperature w a s  s t i l l  somewhat higher i n  

the center  of the subs t ra tes  compared t o  the outer sec t ions .  

With  the source and source t o  subs t r a t e  geometry of Figure 43 chromium 

deposit ions were made with the chromium sources spaced l", 1-3/4", and 2-l/3" 
a p a r t .  No s ign i f i can t  difference i n  va r i a t ion  of f i lm  r e s i s t i v i t y  over a 

subs t r a t e  radius of 3/4 inch w a s  obtained f o r  the  respec t ive  spacings. A 

maximum va r i a t ion  i n  r e s i s t i v i t y  of ? 7 percent over a subs t ra te  radius  of 

3/4 inch was obtained f o r  each condition. 

heated w i t h  the  aluminum p l a t e  subs t ra te  heater  equal i n  length and width t o  

the subs t r a t e .  

I n  each case the subs t r a t e  w a s  

A copper p l a t e  was subs t i t u t ed  f o r  the aluminum p l a t e  t o  heat the  sub- 

s t r a t e s ,  and the aperture  of the s top  i n  Figure 43 w a s  increased t o  1-1/8" x 

1-1/8". 
the s l i g h t l y  la rger  aper ture ,  eo-depositions of Cr and S i0  were made with the 

copper p l a t e  subs t r a t e  heater  a t  350°C. 
the TCR values ranged from -2 x 10 

a t i o n  obtained for the  s i x  r e s i s t o r s  of the subs t ra tes  w a s  k 4.4 percent of 

the average r e s i s t ance .  

t o r s  f o r  any one subs t ra te  was If: 1.7 percent from the  average value, and the  

maximum var ia t ion  from the average on any one subs t r a t e  w a s  k 9.8 percent .  

The res i s tance  values were normalized fo r  a radius  of 0.25 inch, as w a s  done 

i n  Figure 45, for  each of the subs t r a t e s ;  and averaged normalized va r i a t ions  

Maintaining the source t o  the subs t ra te  geometry of Figure 43 and with 

For s i x  separate  deposit ions where 
-4 -4 

/"C t o  -0.3 x 10 /"C, the  average v a r i -  

The lowest va r i a t ion  obtained between the s ix  r e s i s -  



of i.00, i.oi, 1.02 at t h e  i-espcctpv-e i-adii sf C ) . ~ F " ,  C) cL" nnr7 n 7 ~ ' '  . ,u , U * A U  " . , , 
were obtained. From the measured resistivity versus TCR characteristics zf 
Cr + Si0 films, the resistivity values represented in these calculations 
ranged from (1 to 2)lO 
at,ion of resistance between the resistors on a given substrate was experienced. 

The variation between the six resistors from the average value was 2 44 per- 
cent for a typical substrate with resistors having a TCR of approximately 

+4 
microhm-em. At higher resistivities, greater vari- 

-30 10-4/~c. 

These data demonstrated that with a metal plate substrate heater and 

with the preceding sources and source to substrate geometry, the average vari- 

ation in resistance of Cr + si0 films of resistivities near 1 x microhm- 

ern over a 3/4 inch substrate radius was t- 5 percent. Two-thirds of the s i x  
substrates had less variation, and one-third had variations between _+ 5 and 
2 10 percent. TCR values could be reproduced fairly well during s u c c e s s l i ~  

evaporations by manually maintaining constant source currents with a variac. 
However, precision instrumental control of the source temperatures will be 

1 necessary to gain desired control on the resistive parameters. Evidence from 
about 50 evaporations indicated that the vapor output characteristics of the 

sources remained fairly constant for at least 2 hours of operation. Thus, a 
dual source arrangement similar to that of Figures 38 and 43 with appropriate 
stopping and temperature control. promises to be useful for evaporating chromium- 

silicon monixide resistors with average tolerance requirements of 5 to 10 per- 
cent. It is suspected that temperature variations over the substrate surface 

and the relatively high vacuum pressures of (1 to 4)lO 

evaporations contributed considerably to the magnitude of the non-uniformity 

of the film parameters. 

-4 torr during the 

Further improvements in uniformity of the resistive parameters over 
large area substrates can possibly be realized by maintaining vacuum pressures 

within the 10 torr range or better during evaporation processes. In addition, 
attention must be devoted in the future to maintaining uniform substrate 

temperatures. 

heating; an easier way, may be to select substrate materials with greater neat 
conductivity than that afforded by glass. The importance of maintaining 

uniform substrate temperatures cannot be over emphasized. 

-6 

The latter can be achieved by improved methods of substrate 
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111. CONCLUSIONS AND FEEOMMENDATIONS 

Of the s e r i e s  of se lec ted  mater ia ls  examined (metal-metal oxide, metal- 

s i l i c o n  monoxide, borides,  n i t r i d e s ,  s i l i c i d e s ,  and some combinations of t he  

borides and s i l i c i d e s )  t he  chromium-silicon monoxide films gave most con- 

s i s t e n t l y  the required r e s i s t i v i t y  range of 10 microhm-cm, 2 200 x 10 

TRC, and displayed the l e a s t  aging. Experiments on a dua l  source system f o r  

evaporating chromium and s i l i c o n  monoxide, employing a diaphragm arrangement 

t o  cont ro l  vapor deposi t ion r a t e  and d i s t r i b u t i o n ,  proved capable of giving 

uniform deposits over a c i r c u l a r  a rea  of 1.5" diameter.  An add i t iona l  var iab le  

cont ro l l ing  r e s i s t i v i t y  was the  temperature and the  uniformity of the  subs t r a t e  

heat ing a t  the time of deposi t ion.  Heated aluminum or copper supporting 

p l a t e s  i n  contact with the  subs t r a t e s  were found t o  be b e t t e r  than r ad ian t  

heat ing w i t h  graphi te  c lo th  i n  d i s t r i b u t i n g  the  heat  uniformly over g l a s s  

subs t r a t e s .  With the  cont ro ls  u t i l i z e d ,  r e s i s t ance  v a r i a t i o n  of ind iv idua l  

r e s i s t o r s  of f 2 t o  10 percent were r ea l i zed  at r e s i s t i v i t i e s  of 1 t o  2 x 10 

microhm-cm over the  subs t r a t e  a rea .  Some improvement may be expected with 

instrumental  cont ro l  of source temperatures or r a t e s ,  b e t t e r  heat d i s t r i b u t i o n  

at the  subs t ra te ,  and lower vacuum background pressures .  

and CrSi2 + T i S i  

4 -6 
/"C 

4 

Resis t ive f i lms of CrSi2,  TiSi gave some promise as 2' 2 
mater ia ls  evaporable from a s ingle  source. However, r e s i s t i v i t i e s ,  i n  general ,  

were i n  the range 500 t o  2000 microhm-cm, wel l  under the  t a r g e t  value of 10 

microhm-em. 

4 

Films deposited by evaporation of oxides or  of metals i n  oxygen at low 

pressure were found t o  give f i lms ranging from very high r e s i s t i v i t y  and high 

negative TCR values t o  f i lms with e s s e n t i a l l y  me ta l l i c  type behavior, and the  

process was d i f f i c u l t  t o  cont ro l .  O f  the  metals or metal  oxides examined 

zirconium evapora,ted i n  oxygen a t  low pressure produced f i lms with the  bes t  

p roper t ies ,  a r e s i s t i v i t y  of 2400 microhm-em at a TCR of -88 x 10 

obtained for  one f i l m .  Examination of f i lms of Zr-Si0 appears t o  be a p r o f i t a b l e  

fu ture  course. 

-6 /"C w a s  

With respect  t o  aging the  C r  + S i 0  f i lms displayed exce l len t  performance, 

exhib i t ing  changes of < 1 percent i n  1000 hour t e s t  per iods.  To a t t a i n  t h i s  

performance pass i f i ca t ion  of the  films by baking seve ra l  hours at about 300°C 



w a s  employed. During t h i s  time r e s i s t o r s  underwent 

approximately 3%. The s i l i c i d e s  a l s o  gave promise 

a.ging prDperties.  With the exception of TiSi t he  
2 ,  

pos i t ive  changes of 

with respect  t o  good 

s i l i c i d e s  approached the 

performance of the C r  + S i 0  fi lms, and the TiSi2 was much improved a f t e r  post  

deposi t ion baking. 

Films meeting the  requirements of r e s i s t i v i t y  and TCR were obtained, 

and some progress i n  deposit ion of uniform and reproducible fi lms was made. 

However, t he  answers obtained pointed t o  a considerable amount of fu r the r  

engineering development i n  order t o  produce r e l i a b l y  and reproducibly the 

f i lms deposited i n  the laboratory.  The i n t r i n s i c  d i f f i c u l t i e s  of dual  source 

con t ro l  point  t o  a s ingle  source deposit ion method as the preferred technique. 

New developments i n  sput te r ing  suggest t h i s  method as a possible  a l t e rna t ive  

t o  evapora.tion as a choice fo r  film r e s i s t o r  depos i t ion .  I t s  capab i l i t i e s  

of deposi t ion of uniform f i lms over large areas  and of deposit ing an a l loy  

electrode essent ia . l ly  as the stoichiometric composition ind ica te  t h a t  spu t t e r -  

ing possesses i n t r i n s i c a l l y  the capab i l i t i e s  which are  s o  d i f f i c u l t  t o  obtain 

f o r  evaporation of multicomponent materials by any method. It is  recommended 

t h a t  spu t t e r ing  of Cr-Si0 r e s i s t i v e  elements be investigated.3e 

3t 
A b r i e f  l i s t  of recent  references concerning sput te r ing  and r e l a t e d  processes 

i s  included i n  the Bibliography. 
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TABLE I11 

SUMMARY OF RESISTOR AGING AT 1 2 5  O C  I N  A I R  
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TABLE 111 (Continued) 

SUMMARY OF RESISTOR AGING AT 125  O C  I N  A I R  
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NO. 
'ECIMENB 

16 

25 

14  

12  

6 

45 

280 
or s tud  

C i h  
i f o m i t  
e r  2-12 
b a t r a t e  
0.) 

9 

2 
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3 

7 

4 

8 

4 

30 
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TABLE V 
SUMMARIZED PARAMETERS OF RESISTIVE FILMS 
I -- 

EVAPORATION TECHWIQUX 

JAL Sr^wC2 SVAPG-ArIOh' -- A 1  and 
10 eo-enwrmtad  in high vmcuum 
?om independent ly  heated BN 
ruciblea.  
UAL SOURCE EVAPORATION -- Cu end 
10 oo-ermparsted in high m o w n  
rom indspendsnt ly  hamtsd W b e t a .  

UAL SO'JRCi. SVAPCRATION -- Cu and 
10 co-srmpor.ted In  high n c u m  
rom independent ly  heetsd E N  
ruoiblse .  

l a sh  s r a p o r s t s d  Cr powder from 
b c e t  i n  high vacuum. 

lash svlrporatsd Cr end SIC 
akdere from W bomt i n  high T ~ O U U .  
a ~ p r o x .  1:l ro luns  mixture). 

OMlON SOVRCE EVAPORATIOYi Cr 
nd SIC oo-evmwrated from common 
ource in  hiEh nouum. 

UAL SOURCE EVAPORAUTICN - - d i m l -  
.nsoui ly  srmporated Cr from 2 
-hits d ai0 Isom .rhpnit. 
10- *nuroe. 

L 

rSi2 powder sublimated a t  tem- 
s r a t u r e s  n e i r  and a l i g h t l y  b a l m  
t s  melt ing po in t  from h boats. 

r apore t ad  wi th  s l e e t r c n  beam 
rom CrSiL melt  i n  Cu Cruoihls .  

Pvaporated with e l e c t r o n  beam I 
mwder mixture  of meas rstia 
::I. CrSid:Eibi f romCu c ruo ib le .  

31octron beam o n  CrSI melt on 
1 bad ef 8451 ponder fa Cu Cru. 

i l e c t r o n  bslm e n p o r a t e d  1:l 
mas8 mixture of CrSi 
polder. from Cu oruofble .  

R a p o r a t e d  Gd turning,  from 
Tantalum bomt. 

R e p o r a t e d  M turninEs lrom 
tantalum boat  i n  psrti.1 p r s sau r#  
ol oxygen. 

Repora t ed  Yn (96%. oirbon fme) 
from tantalum g r a i n  box aouree. 

COlDCN SOUHCB ~APOXA*IONI Yn 
and S i 0  co-enpore t ed  from o o m r  
grain box 1OUrOe (T.) i n  hign T.C 

R a p r a t e d  NbBZ powder from Cu 
orucibl. w i th  s l o o t r o n  be= p n  
in high vaoucm. 

Rapore red  Nbl powder from Tm 
t a m t  i n  hlgh vaauum. 

and T iS i2  

THICKNESS 
RAtiGE 

(Ang*trona) 

600 t o  6.OW 

470 to  3,700 

600 t o  5.000 

ipprox. 852 

800 t o  3.550 
[ Range for 17 
spaelmem m e t 8  
*emnured t o  ds, 
tsrmine apscif  
r e s i s t i v i t y  v8 
Ten) 

:500 t o  5.000 

300 t o  2.000 

1320 .+ 50 

ipprox. 6.600 

Lpprox. 2,800 

650 t o  1.100 

2,000 t o  6.000 

677 t o  1,570 

b p r o x  700 

330 t o  3,700 

1.m t o  3,500 

so0 t o  520 

S P E  IFIC 
RESISTANCE 

EANGE 
(microhm-om) 

G to 4 i io7 

50 to 2 x 195 

19 to 2 x 10' 

9q = /.3 tu ,Id.., 

oprox. 400 

100 tc 1.2 x10 

100 t o  2 x lo8 

240 ta 2700 

im t o  1.250 

777 t o  ?,,e40 

168 t o  332 

214 t o  616 

74 t o  210 

XK) t o  1.3 X 10 

1 x lo5 to 
1 .1 x 106 

2.900 t o  6.600 

TCR 
RABGE 

(lO"/OC) 

,65 t o  - 10 

.99 t o  + 11 

-+,4 i 

'2.8 t o  + 14 

.1.5 t o  - 0.2 

. 38 t o  + 2.8 

-42 t o  + 6 

.7.4 t o  t 2.3 

+ 0.56 2 0.05 

- 2 5  2 0.3 

-0.63 t o  + 1.4 

-4.4 t c  -1.06 

t5.03 t o  +7.@ 

t3.9 t o  t6.2 

a.33 t o  +l.S 

-33 t o  + 1.8 

-64 t o  -53 

-5.7 t o  -a.e 

YAXIMM 3PSCIFIC d-SISTIVITY 

4 x io4 
a t  -500 ppn 

800 a t  -500ppm 

2.4 x lo4 
a t  - b00ppm 

,200 .t -3oopp  
500 Of' ZERO) 

(Continued) 
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TABLE v (CONTINUED1 

SUMMARIZED PARAMETERS OF RESISTIVE FILMS 

,600 a t  -SOOppm 
SO0 *,a0 'at 
.?#*e /e.,/-) 

5.8 x 104 
a t  -SOoppm 

Eat. 1 X lo4 
m t  Zero) 

YATERIAL 
EVAPORATED 

8,600 a t  -60Oppm 

~~ ~~~~ 

N i 2 B  

Ta206 

r i  
T i  + O2 

TIC 

Ti02 

T1B2 

TIN 

w i t  

Tsl 

ha + o2 

V 

V + o2 

V + A i r  

'2'6 

Zr 

:r + 0 

!do2 

TOTAL 

m. 
ECIYENS 

- 
3 

4 

4 

1 

21 

8 

6 

6 

1 

2 

5 

9 

12 

4 

10 

3 

11 

6 

11 

11 

9 

4 

2s 

86 

EVAWRATION TECHNIQUE 

Enpara t ed  N i  B from W bmikat 
In hlgh vacuuk  

Evaporated Tm206 powder from 
h boa t  i n  high nouum. 

m p o r m t a d  T.206 powder from 
8 b0.t i n  high vnouum. 

Evaporttsd T i  f r o m  atrandad W f i l a  

h p o r s t e d  T i  from st randed V i  f i l a  
i n  p a r t i a l  praaaure of  oxygen. 

Ermporeted T i 0  from W boa t  i n  
high mourn. 

Evaporated Ti0  Prom T I  boa t  la 
hlgh vaouum. 

Evaporated T i c 2  from h boa t  in 
high nouum. 

hmpors t sd  T i 0 2  from KO boat  i n  
XiRh m o w m  ( boat  a t t i oked  aevera 
1Y) .  

hapormted T i 0 2  from W boa t  i n  
hlgh vacuum 

Evaporated TlB powder w l t h  
. i eo tmu  Laam iun f r o m  Cu o ruo ib l i  
in  h igh  mouum. 

Evaporated Titanium Ni t r ide  
nan'o? *-om I) F a a t  in  h l r h  - 0 .  

Evaporated T i S i  powder from 
'w b o a t  l n  h igh  6mouum 

Evmporstsd Tm f r o m  h bomt i n  
' h i c n  vmuum. 

Empormtsd Tm from W b a a h t  i n  
p.rtl.1 preaaure of oxygen 
(Argon -02 Pix., mort ly  Argon). 

Evmpcratad V fro. atrmndsd b. 
la h igh  vaouum. 

E n p o r s t s d  V from atrmndsd YO. 
i n  high raouw.  

Evaporated V wi th  a l s o t r o n  beam 
gun from Cu o ruo lb le  i n  high n o .  

Evaporitad V from mtrend8d W f i l a .  
in  p r t l a l  prea iu raa  o f  Argon - 
oxygen mixture. 

E n p a r a t e d  V from etranded Id0 f i l a  
i n  p a r t i a l  preaaure of Argon- C z .  

Evnporated V from etrmnded P f i l a ,  
i n  p a r t i a l  p re sau re  of Argon-air. 

mapora t ad  V206 po rd r r  Prom W boai 
i n  h igh  nouum. 

S n p o r a t e d  Z r  from st randed W f i l  
i n  hlgh vaouum 

Eviporated Zr from 8trand.d W f i l  
In p a r t i a l  p rea iu re  of Argon - 02 

B n p a r e t e d  Z r O Z  from W boa t  in  
h i g h  nouum. 

-- 
THICKNESS 

R W G E  

(Anpa tromm) 

<loo t o  400 

Ipprox. 660 

hpprox. 900 

240 t o  1 2 0  

LOO t o  1,100 

600 t o  1SOO 

kpprcx. 1,000 

< 100 

404 
666 

Emt. 1.600 
flln. rat1ou1at4 

364 to 770 

260 t o  1,060 

713 (one) 

740 t o  926 

388 t o  640 (foul 
very t h i n  ( F i r e  

U260 t o  466 

330 to 600 (Nini 
( h 0 '  

237 t o  @I1 (Pow 
vary t h i n  (Sen  

330 t o  718 (Savi 

(One : 
Approx. 4.000 (; 

3.30 t o  l , l 8 2 ( l l  
( S l G  

I66 t o  1.186 ( 3  
(Forty-aiuh 

SPEC IF1 C 
RESISiANCE 

R A K E  

&orohm-om) 

42 t o  <3.000 

ppror. 3.6 X 10'  

purox. 4.9 x105 

R/So. = 11 ohma 

2 0 0  t o  279,OM 

1,370 t014,000 

667 t o  941 

660 t 100 

~ 1 . 0 5  x lo4 

4.48 x 106 
6.67 X 10' 

Emt. > 1 X lo4  

1,000 t o  
3.1 x 10' 

R/Sa. 4.4 t o  
8.2 ohm 

216 
R h q .  = 16 t o  

32  ohms 

9 3 . 2  t o  102 

173 t o  374 
R/So.= 269 t o  

S.'95 oh 

216 t o  238 

81 t o  297 
R/Sq=21.8 b26.6 

ohma. 

174 t o  362 
R/Sq=3,060 t o  

140K ohms 

109 to 210 

R/Sq=1,672 ohma 
) Approx. Z . C r I c  

174 t o  18 3000 
R/Sq=Z26 i o  

23.300 ohm 

99 t o  6.8 x 13 
R/Sq*.6 t o  

i.034 ohm8 

3.82 I 10' s 
2.71 x 106 

R/Sq*@I and 
3.8 x 106 

lCR 
RANGE 

( l c - ' p c )  

2.1 t o  +16.6 

80 t o  -71 

66 t o  - 49 

+ 21 

68 t o  +21 

14.9 t o  -3.6 

6.4 t o  -4.1 

10 t o  -7 

33.8 

64 
61 

4.3 t o  -1.7 

7.4 t o  -0.3 

66 t o  -4 

+11.8 t o  +13.9 

.9.6 
8 . 6  t o  +ll 

8.6 t o  e . 3  

+1.7 t o  +2.6 
-9.4 t o  Q.9 

+1.6 t o  +2.4 

.3.8 t o  i16.6 
+10.4 b +13.1 

-1.7 t o  40.44 
-836 t o  -10 

+3 t o  +lo.( 

-47.2 - 87 

-6.1 t o  +s 
-18 t o  -1.47 

-62 t o  +lS 
.16 t o  +18 

-12.6 t o  -2.9 

-6.6 
-69.1 

RESISTlVIW 

HIN t E30 PPM 
' ZERO T.C.R. 
:microhm-cml 

,000 a t  -21op 

1 a t  -300 apm 
5-0 at Z l * O >  

,000 a t  -3wpy 

600 a t  -xK)pr 

800 a t  - m p p  
50 at ,?€.e0 TC 

400 .t .swpp 

270 a t  ZERO) 
362 a t  -170 
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